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Preface 


This book aims to furnish an account of the principles of analysing 
equatorial weather. It seeks to serve needs in colleges, and to pro- 
vide aviators and seamen with guidance on the weather they must 
deal with in low latitudes. It is assumed that the reader is acquainted 
with the elements of weather observing, the standard pressure pat- 
terns, and with the types and modes of formation of clouds and 
thunderstorms. 

Many of the principles involved in equatorial weather analysis 
are new and still in the speculative phase. The scheme of analysis 
described here is, in a general form, applicable to the whole 
equatorial region; the application is shown by detailed examples 
from Equatorial Southeast Asia, where the author has had special 
experience in the methods of analysis which have been in general 
use. 

Because the conditions of higher latitudes have an extensive 
literature, the author repeatedly draws parallels and contrasts 
between them and those of the Equator, so that the readers may 
see the extent to which meteorological procedures of the temperate 
zone apply at the Equator. 

'The presentation is made logically against a background of the 
principles before attempting practical questions of weather analysis. 
Because a practical discussion of instances is one of the aims of this 
book, those theoretical aspects already well-covered in British and 
American text-books are only briefly expounded. The mathe- 
matical theory involved has been reduced as much as possible in 
the interest of the widest range of readers. 

The author is indebted to Prof. E. H. G. Dobby of the University 
of Malaya for his invaluable guidance and editing throughout the 
preparation of the book. Dr. C. A. Lea, Director of the Malayan 
Meteorological Service, has given permission to use much official 
material. Mr. I. С. John, of the same service, generously gave many 
helpful suggestions. 


Singapore I. E. М. Warrs 
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CHAPTER 1 


Equatorial Air Circulation 


1. Introduction 

When we speak of the equatorial region we refer to one bounded 
by latitudes 10° North and South. Into other parts of the tropical 
region, both ‘fronts’ from temperate latitudes and fair-stream 
boundaries’ of equatorial origin intrude. Since, however, many 
currents of air over the Equator originate in much higher latitudes, 
it is necessary to consider conditions outside the equatorial region 
Proper in studying certain aspects. 

The meteorology of low latitudes has been much neglected, so 
that its study has lagged far behind that of middle latitude weather- 
forms. At first, disinterest was largely due to the misconception E 
€quatorial weather has no regularity of form—that showers ап 
thunderstorms develop and dissipate indiscriminately near the 

quator, 

, From 1939 to 1945 the needs of war demanded that meteorolo- 
gists examine conditions at low latitudes, and for a while their 
interest was greatly stimulated. The accepted theory then was that, 
Over the oceans, most precipitation occurred along a single line, 
Which moved north and south with the seasons and separated i 
Trade-wind streams of either hemisphere. This line was called the 

ntertropical Front.’ 

It did not prove very satisfactory as а basis for forecasts because, 
although rain was sometimes instantaneously localised along it; m < 
line appeared to jump from place to place without regularity. While 
€ conception of an ‘Intertropical Front’ proved useful on сс 
trace its movements from one day's chart to the next was дис . 
Later the theory was rejected. Some meteorologists, feeling He 
too many years had been wasted trying to fit what were би а- 
mentally middle-latitude ideas to the problem of low latitu es, 
discarded the concept of the Front and abandoned the обага 
Weather charts, То replace these, they sought firstly а Е. 
expression for the relation between pressure and wind, and Send 
а correlation between cloud development and the pattern of the 
wind-field. d 

The former did not prove fruitful; the latter led to a metho 
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useful in regions where observations of wind are plentiful. Isobars | 
crept back into low-latitude meteorological practice, and a type ^ 
analysis analogous to the ‘frontal’ method of higher latitudes is still 
in common use. Both the old and new systems have something to 
offer. The meteorologist adopts a combination of both, and the 
practical applications are presented here. 


2. The General Circulation 

Some features of the winds over the 
been known. People of the Southern P. 
steady easterly wind over parts of the t 
scale migration among oceanic islands 
advantage of these easterlies in their voyages to the Americas. Even 
today Bugis traders sail fleets of small craft down the easterlies from 


the Celebes to Singapore each July, and await the January wester- 
lies for the voyage home. 


The use of steam-power during the nineteenth century encour- 
aged travel Jn previously unfrequented waters, and there was 
picture of the prevailing winds over the entire 


equatorial region have long 
acific knew that there was а 
ropics, and used it for large- 
- European sailors later took 


strong westerlies which 
found at about latitu 


г learned, we know what contributes to the 
general circulation, 


The flow of air оу 
to the earth's curvat 


pon entering t 
polewards, where 
the Equator. 
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the earth, the rotation causes it to be deflected to the right in the 
Northern Hemisphere and to the left in the Southern Hemisphere 
(see Chapter VII), so that, in the absence of other forces, longi- 
tudinal flow from Poles to Equator is not possible. Hence the air 
flowing away at high levels from the tropics is deflected to cross the 
temperate latitudes as a southwesterly wind (in the Northern 
Hemisphere), and the low-level flow towards the Equator is de- 
flected so that it approaches the Equator from the northeast. These 
Northern Hemisphere flows are mirrored in the Southern Hemi- 
sphere, where the surface Trade-winds are southeasterlies and the 
upper flow northwesterly. 


aci кету uve “ 
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Lat. 30°S 
igh pressure belt 


Westerly 


at 60°S depressions 


Sweet win LN a 

Only part of the upper northwesterly and southwesterly flows 
reaches the Poles. Much air subsides from these upper streams near 
latitudes 30? М. and S., and the consequent piling-up of air creates 
two belts of high atmospheric pressure around the earth (Fig. 1). 
On the sides of the high-pressure belts nearest the Equator are the 
Northeast and Southeast Trades, while along the poleward edge of 
each belt is the region of strong westerlies. 

At the Poles, low temperatures cause surface pressures to be 
high. Air subsiding there and outflowing will be deflected, so that 
around the Arctic Zone is a region of low-level northeasterlies, and 
around the Antarctic a band of southeasterlies. There remain two 
regions of lower pressure along latitudes 60? N. and S. respectively, 
each of which is bounded by the Polar easterlies on one side and 
the middle-latitude westerlies on the other (Fig. 1). 
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3. The Pressure Systems 


There are complications to this picture. The northeasterlies and 
southeasterlies around Polar regions do not constitute a steady 
current so much as an average condition. In the Northern Hemi- 
sphere, the northeasterlies occur in thrusts of fast-moving Polar E 
which, encountering tropical air-masses, stimulate the formation 0 
an intermittent train of ‘depressions’ in the zone between 40? N. 
and 60° №. The cold air may pass through the westerlies of the 
‘forties,’ divide the high-pressure belts farther south into separate 
eastward-moving ‘highs,’ and at times even enter the tropics. 


Sometimes small ‘cold anticyclones’ form in the Polar outflows, 
but these are comparatively short-lived and go to swell the larger 
migratory anticyclones 


on entering the high-pressure belt. The 
important cold anticyclones form over the great land-masses in 
winter. When temperatures fall during the winter months, the аш 
overlying continents increases in density, pressures rise and an anti- 
cyclonic flow is set up, as in the ‘Siberian High’ built up each 
winter. Weaker anticyclones are formed thus even in tropical 
countries, and India is occasionally covered by a shallow high- 
pressure area during December and January. 


Highs and Lows at Equatorial Latitudes 


Now and then weak high-pressure areas are found near the 
Equator. Pressure differences from place to place are very small 
about the equatorial region, and even with isobars at intervals of 
1 millibar, the centres of high and low pressure are indistinct. There 


is no circulation round an equatorial high-pressure arca, and, be- 
cause the deflecting force due to the earth’ 


the air tends to flow out at right-angles to 


subsidence is unknown near the Equator; anticyclonic ar 
rapidly, and fine weather is not necessarily associated with them. 

Very shallow lows are also sometimes indicated by the isobars in 
equatorial regions. In these the winds tend to blow inwards at 
right-angles to the isobars. Depressions are unusual at equatorial 
latitudes, but when they do occur there is usually cloud develop- 
ment and precipitation. 
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Fic. 2 Cyclone Regions and Tracks 


and cyclones are not easily definable but one accepted definition 
is as follows!: 

‚ (1) A tropical depression has low pressures within a few closed 
isobars, and either lacks marked circulation or has winds below 
33 knots (Beaufort 7). 

42) А tropical storm is one with several closed isobars and a 
wind-circulation from 34 to 63 knots (Beaufort 8-11). 

(3) A tropical cyclone has a circulation round very low central 
pressures and winds over 64 knots (Beaufort 12). 

These terms are often used loosely and sometimes all circulations 
around a low are termed cyclones. 

Tropical cyclones and storms form only outside the belt 7 М. to 
7° $. approximately, and mostly outside 10° N. and 10° S. They 
mostly form in late summer and over tropical oceans except the 
South Atlantic, but they never form over continents. The areas 
commonly affected are shown in Fig. 2. 

Ofseveral theories concerning their formation, none has yet proved 
completely satisfactory. Cyclones certainly require a plentiful supply 
of moisture, and for this reason their incidence is limited to the 
regions where the highest sea-surface temperatures are found ; 
that is, to the western regions of the tropical oceans in the late 


summer, Another favourable condition is when the isobars are 


wide apart, because then there is weak air-flow and ground 
hat cyclones form 


heating is at its greatest. Some observers explain t 
on the boundary between two currents of air moving from differ- 
ent directions; others consider that the centre forms at the meet- 
ing-place of three distinct streams whose boundaries are quickly 
lost in the violent rotation about the cyclone. 

The first sign of a cyclone is a pressure fall of 2 to 3 millibars in 
twenty-four hours over а section varying in diameter from two 
hundred to six hundred miles. Almost at once begins a circulation 
of freshening winds, clockwise in the Southern Hemisphere and 
counter-clockwise in the Northern, which blow slightly across the 

1 For this and following references see Bibliography, pages 217-220. 
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isobars towards the centre at low levels. After a few days, the 
pressure drops rapidly in the central section and winds may п a 
gales. The effective diameter of a mature cyclone is generally го: 
100 to 300 miles; central pressures approximate to 980 milihan 
the lowest record being 887 millibars (reported in a cyclone east о 
the Philippines in 1927).? Winds at low levels may be of deve 
stating force, and velocities of over 100 m.p.h. have been recordec б 
Опсе a fairly vigorous circulation has been set up, a cyclone (n 
moves towards the northwest, with 
S it goes. Northerly to northeasterly 
sures precede the cyclone. High wisps 
d lower, after which heavy rain begins. 
г the sea far ahead of the boundary of 
denly ceases in the ‘eye’ of the storm, 
fifty miles in diameter, and the cloud 
- As the centre passes on, gales from the 
nd pressure starts to rise, while decreasing 
departure of the system. Thunderstorms 
е cyclone, 
nds, the movement of the system is only 
increasing. When the centre passes lati- 


commonly accompany th 
Despite the strong wi 


; that is, pressure rises in the centre, Tropical 


into temperate latitudes, when their speed of 
travel may increase to 30 m.p.h.; 


and their Wind-speeds diminishi 


depends 
hcoming 


4: Cyclonic Regions 
Tropical cyclones are 
locality. In the South: 
“tropical cyclone’ is į 
China Sea, as ‘wil 
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canes’ in the West Indies and in the South Indian Ocean. Few 
cyclones or storms of any intensity enter Equatorial Southeast Asia, 
but much of the neighbouring area is affected. 


Bay of Bengal 

Over the Bay of Bengal about thirteen storms form each year. 
There is an average of one per month from May onwards, increasing 
to two per month in August and decreasing again to one each month 
by December. Few occurrences of storms, depressions or cyclones 
have been reported in January, February, March or April, and the 
few which have occurred from January to March have either filled 
up in the Bay or crossed the Indian coast near Madras. 

From April to May the storms move mostly to the northeast and 
cross the coast between Rangoon and Calcutta; from July to 
September directions of travel are more to the north or northwest 
towards the Ganges Delta, with an increase of frequencies on the 
Coast from there to Madras. In November many storms fill while 
still at sea, and directions of travel vary so greatly that they may 
cross the coast evenly from Rangoon to southernmost India. The 
infrequency of reported storms in December is due to the depressions 
filling up in the Bay, and the occasional storm which does cross the 
coast may do so either between Rangoon and Calcutta or south of 
Madras. 


China and the Philippines 

The number of typhoons occurring in the region from the 
Marianas across the Philippines to China (from 5° to 30° N. and 
from 105? to 150? E.) is about twenty рег year? Frequencies are 
negligible from January to April, although isolated occurrences 
have been recorded. An average of one per month is experienced in 
May and June. Over the period July to October there are about 
three to four per month, thereafter decreasing to one per month by 


December. A great number of lesser storms occur inalso the area. 


Typhoon centres normally develop between the Marianas and 
st or west-northwest at first 


the Philippines. They mostly move we x 
and, after crossing the Philippines; the larger portion recurve and 
travel northeastward, or northward and often reach Japan. The 
remainder continue to move on their initial track to the west-north- 
west, and pass to the coast of China between Hong Kong and Hainan; 
isolated typhoons have travelled along 10° N. to enter Indochina. 
"Typhoons cause considerable damage each year to buildings and 
shipping along the Chinese coast. Hong Kong, between the months 
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of July and November, was affected by 6% of the total number 
of those traced in the whole area over a period of fifty years. 


Western. Australia 


The willy-willies of the West Australia coast originate in the 
Timor Sea between Timor and Darwin or farther south. They move 
first to the southwest at 10 m.p.h., but mostly recurve in latitudes 
20° to 25° S. when they accelerate and pass inland. Some have 
reached as far west as Cocos Island before recurving. There аге 
only one or two well-developed willy-willies each year, yet they may | 


cause severe damage. They occur in the period January to March, 
and occasionally in December and April. 


5. Monsoons 


The conception of an equatorial low 
and south with the seasons and with 
Southeast Trades on either side of it i 
describing conditions at the Equator. He 
and thunderstorms are usually found wi 
for years this bad-weather zone has be 
Front.’ The expression is gradually losi 
that the rain occurs not in a single zone 
lines. 

In our discussion of the idealised general circulation we have 
omitted one very important feature—the occurrence of the mon- 
soons. During the summer, the large land-masses become heated. 
As the overlying air is heated, it expands 
this deficit of pressur 
Similarly, 


-pressure belt moving north 
converging Northeast and 
з a very simplified way of 
avy rain or frequent showers 
thin the equatorial belt, and 
еп called the *Intertropical 
ng popularity, as it is found 
but in two or more separate 


ME quently diverted by or even replaced by the 


Fic. 4 
Surface Winds—January 


Fic. 5 
Surface Winds—April 


Fic. 6 
Surface Winds—July 
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In January, the Northeast Monsoon has already extended far 
south and covers the region from Indochina, Thailand and the 
Philippines to Java (Fig. 4). Over the Northern Bay of Bengal are 
northerlies from India which, in the southern part of the Bay, merge 
With the Northeast Monsoon. 

. South of the Equator the monsoon is frequently diverted to flow 
in a near-westerly direction. Sometimes this diversion is gradual 
Over the entire stream, while at other times the monsoon air be- 
Comes westerly far out in the Indian Ocean. In the latter case the 
Que northeasterlies and the westerlies flow side by side in the 
umatra-Borneo region, and bad weather frequently develops 
between them. In the south the southeasterlies, which constitute 
Southwest Pacific Trades, are turned to westerlies or to easterlies 
E they meet the diverted monsoon. This boundary between the 
Teams is also a region of much cloud and precipitation. 
1 During the months which follow, the Siberian anticyclone slowly 
oses intensity, and the southernmost boundary of the north- 
easterlies retreats northward, accompanied by an advance of the 
Southern Hemisphere Trades. By April, the Siberian outflow is 
m gligible, and any northeasterlies over the South China Sea are 
еп merely an extension of the North Pacific Trades. The South- 
т Trades have reached the Equator (Fig. 5) and wester- 
©з have developed west of Sumatra between the Equator and 
5° N. These new westerlies from far out in the Indian Ocean are 
кашу turned Southwest Pacific Trades, and they represent the 
e соп! of the Indian Southwest Monsoon. The other 
SA “ries in the northern Bay of Bengal (Fig. 5) are a weak flow 
!Binating in the far northwest. 
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CHAPTER II 


Observations 


т. Value of the Observational Elements at Low Latitudes 
3 Although the elements contained іп equatorial weather observa- 
tions are much the same as those observed elsewhere (Appendix A), 
the more important elements of a temperate-latitude report are not 
necessarily so significant at low latitudes. 


Pressure Tendency 


Pressure tendency (or change of pressure in the previous three 
hours) is of considerable value in the temperate zone. Bad weather 
there is usually associated with the approach of low pressure а, 
depression or trough, so that, if a continuous record of pressure 15 
maintained, the arrival of adverse conditions may be foreseen from 
апу marked drop of pressure. The diurnal variation only ranges 
about 1 millibar at middle latitudes, but changes of pressure due to 
the movement of the pressure systems (highs, lows, troughs, etc.) 
are quite considerable, and may easily be seen on the barograph 
despite the diurnal variation. 


Mean Pressure (mbs) 


12 18 24 
Time of day (L. S.T) 

Fic. 8 Diurnal Pressure Variation—Singapore 
Near the Equator the daily variation of pressure is much Eon 
—about 3 to 4 millibars. А typical variation may be found in We h 
Where the mean pressure at Singapore has been plotted for each hour 
ЕТІНЕ day. Тһе two maxima and two minima are very prominent, 
and the maximum range is 34 millibars. The highs and lows 
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(excluding cyclones) of the equatorial region are very shallow and 
pressure differences across them are rarely more than about 1 milli- 
bar. Thus the diurnal pressure range masks any changes which 
might be due to the movement or intensification of.the pressure 
systems, so that pressure tendency has little use as an aid to fore- 
casting. Admittedly, the changes associated with an approaching 
cyclone are large enough to show up through the diurnal variation, 
yet because a cyclone covers only a small horizontal area, the drop 
of pressure at its approach 
occurs only a short time be- 
fore the onset of the high 


Mean Monthly Pressure (mbs) 


топ 


winds. 
Шо There аге other cyclic 
paca changes of pressure besides 


5 the diurnal variation. Over 
J FMXMAXNXJ RA $0 Southeast Asia the general 


Honth level of pressure slowly rises 
Fic. 93 Seasonal Pressure Variation during each of the monsoons 


—Singapore and falls to a minimum be- 
tween them (Fig. 9). The 
November onwards, and the 


1008 


om the close correlation between the 


average daily pressures at Singapore, Penang (Malaya) and Kuch- 


Pressure (mbs) 


— Singapore 
— — Penang 
(дұр Е 7 Kuching 


то. 15th. 


h. 
Date -March, 1951 
Fic. 10 Comparison of Daily Pressures 
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OBSERVATIONS 


ing (Sarawak) during March 1951 (Fig. 10). These three stations, 
at considerable distances from one another, have practically iden- 
tical pressure rises and falls from day to day. 

Similar large-scale variations of pressure over a few days in 
higher latitudes are associated with the passage of the migratory 
anticyclones, in which changing pressure correlates with rainfall. 
There is no such correlation between rainfall and pressure changes 
at the Equator. Probably a relationship exists between the short- 
period variations of pressure at low latitudes and those in the mid- 
latitude Southern Hemisphere high-pressure belt, because the 
period of the migratory anticyclones is similar.* 


Wind А 


Accurate estimates of wind direction are important to the 
equatorial meteorologist, whose weather analysis depends upon 
identifying the general flow of air by comparing wind directions 
at various places. The best comparison is afforded by using winds 
at some upper level: whenever upper wind reports are not available 
the analyst is forced to discriminate between the directions at the 
earth's surface. Near the great land-masses this is difficult because 
the winds are much influenced by topography. Reports from small 
islands and ships rarely suffer from local influences, and are usually 
more representative of the main flow in their vicinity. 

Wind speeds are not of such great significance in the equatorial 
region, where surface winds are mainly less than то m.p.h. except 
under certain seasonal and local influences and in the neighbour- 
hood of cyclones. Table 1 analyses wind speeds at Kota Bharu (East 
Malaya). 

TABLE I 


Winn $рЕЕр$ AT Kora BHARU AND THEIR AVERAGE DURATION AS 
PERCENTAGES FOR Each MONTH 


Wind Month 


Speed 
(mph) 1а [а |м a | | | | | $ | | ee 


13 | 16 | 17 | 19 | 23 16 | 14 15 


Calm 12 | r1 | 16 | 12 | 11 


1-3 |за | 38 | зо | 47 | 43 | 50 | 54 | 50 | 50 | 49 | 51 | 47 46 
4-7 24 | 25 | 26 | 28 | 36 | 30 | 24 25 | 27 | 23 | 25 28 27 
CES S en ЕЗ БЕ ІІ ЕЕ e ce ee a Ев тї 
13-18 xls rs ко P ov ea ЙК ШЕ о т 
19-24 1 герб) о) res ош ә Ое о 
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The table shows that during 61% of the year the average wind 
speed is less than 4 m.p.h., and that only during a very small por- 
tion of the year are winds stronger than 12 m.p.h. Kota Bharu is 
exposed to the Northeast Monsoon, and the higher ranges of speed 


are confined to January, when the monsoon is fully developed over 
this area. 


Temperature 

An outstandin, 
sharp division i 
10° N. and 10° 


g feature of the equatorial region is that there is no 
nto а warm and a cool season. Between latitudes 

S. the noon elevation of the sun is always high, 
and therefore the seasonal range 
ОЁ temperature is very small, 
contributing to the monotony of 
life near the Equator. The mean 
monthly temperatures* for 
Singapore, Kuala Lumpur and 
Cameron Highlands (a hill- 
station in Malaya) (Fig. 11) show 
that the range of the mean 


Temperatures (F) 
90 


these places is less than 3° F. 


‘5° F.—nearly twice that of E 
range at Kua] s little benefici 
effect on hues, 2s 9 uala Lumpur has little 


Я f 
are much higher than those = 
€s are nearly the same. Е. 
ighest temperatures ever recorde 


utudes of Cameron Highlands о ft. above 
sea-level), maxima are about 14? Б. below those of Mera an 
* The me. 


е 
highest ELS КОММУ temperatures аге computed thus: The average of th 


© month is added to the average Of 
and this sum is divided by two. 
all the carly morning minima and the 
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monthly temperatures at each of 
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Fic. 12 Diurnal Variation of Temperature—Singapore 


minima are 18? below (Table 2). The maximum temperature at 
Cameron Highlands never reaches 80? F., yet minima only a few 
degrees above freezing-point have been recorded. 

Although the diurnal variation of equatorial temperature and the 
corresponding variation of dew-point are so small, these elements 
are not useful in distinguishing between currents of air from different 
directions at low latitudes, because the currents have such similar 


temperatures and moisture contents there. 


Weather 
The recommended? spacing for land reporting stations is from 
60 to roo miles apart with a maximum spacing of 300 miles, and 
most equatorial and tropical countries have developed networks 
conforming to this standard, though there is considerable doubt 
whether it is adequate near the Equator. The doubt is illustrated 
by the facts of Table 3, showing simultaneous reports from four 
stations on Singapore, an island only 13 by 24 miles. At no time 
during this day were all four reports identical, despite the nearness 
that the customary spacing of 


of the stations. It is obvious, then, 
бо to тоо miles must give a poor representation of true conditions, 


and even stations a quarter of these distances apart might not 
adequately fulfil the requirements. 

The inadequacy arises because much of equatorial weather is 
local rather than regional. А single cumulonimbus cloud may pro- 
duce heavy rain over an area varying from less than 1 square mile 
to 24 square miles. Furthermore, the general flow of air is very 
light during a great part of the year, causing surface winds to be 
greatly affected by local influences. In particular, winds near a 
thunderstorm may change direction and speed frequently within a 
short time. 

There is also doubt whether the existing meteorological voca- 
bulary is suitable for the equatorial region. For instance, in report- 
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TABLE 2 
TEMPERATURE EXTREMES AND SUNSHINE Hours 


Month E F. M. А. м. | 2 F: A. 5. 0. N. D. | Year 
Singapore 
Mean Max. Temp. (° Е.) . . | 85-4 |876 |872 |874 |872 86-8 | 86-9 | 86-8 | 86-4 |860 |859 854 |866 
Mean Min. Temp. E.) . . |731 |732 |762 |753 |769 |763 |769 765 |755 |751 |743 |797 |759 
Absolute Max. Temp. (° Е.) .|92 94 94 94 94 93 93 93 92 92 92 91 94 
Absolute Min. Temp. (° Е.) . |67 69 68 70 71 70 70 70 69 70 70 69 67 
Sunshine, Hours per Day . .| 523| 702| боо | 569| 621 6:28 | 6:83 | 652| 561| 596) 4:78 | 4 64 | 582 
Б Kuala Lumpur 
Mean Max. Temp. (^ Е.) . . | 89:3 |921 |921 |9r6 |912 |9o9 |904 9o6 |90°1 |805 |893 |889 |905 
Mean Min. Temp. (° Е.) . . | 71.8 |715 | 724 |730 |791 |723 71-6 |7r6 |7r7 |7r9 |722 |727 |720 
Absolute Max. Temp. (° Е.) . |95 97 97 96 96 96 98 98 96 96 95 94 98 
Absolute Min. Temp. (° Е.) . |64 66 68 69 69 68 67 68 67 69 69 67 64 
Sunshine, Hours per Day . .| 583| 730| 6:32 | 6:09} 6-27 6:53 | 6:31| 6:20 | 5:43 | 490 4:78 | 515| 5'93 
Cameron Highlands 
Mean Max. Temp. (° F.) . . | 70:5 |728 |722 |739 |727 |732 |727 |721 71-8 |713 |ўг: |706 |722 
Mean Min. Temp. (° F.) .  .|565 |540 |556 |573 |578 |563 |554 |561 |569 |578 |576 564 |565 
Absolute Max. Temp. (° F.) . | 77 78 79 79 78 78 77 78 78 77 76 76 79 
Absolute Min. Temp. (° Е.) . 136 40 44 47 48 47 45 48 46 9 36 
Sunshine, Hours per Day . .| 432| 590| 4:92 | 463, 491| 542| 512| 4 Во | 406| 361| 3-56 | 361| 457 


бт 


TABLE 3 


Conprtions AT SINGAPORE ON 25TH APRIL 1951 


Local Time 0730 0830 0930 1030 1130 1230 1330 1430 1530 1630 
Kallang "Thunder — — — Shower Rain Thunder | Drizzle — Rain 
Calm Calm Calm Calm W.S&.W., | 5.5.Е., S.S.E., S.E., 5.5.Е., 5., 
15 m.p.h. | 10 m.p.h. | 10 m.p.h.| 5 m.p.h. | 5 m.p.h. | 10 m.p.h. 
Tengah Rain — = — Shower Shower | Thunder — = = 
Calm Calm W.S.W., NT W.S.W., N.W., W.S.W., S.W., S.S.W., | S.S.W., 
2m.p.h. | ro m.p.h. | 15 m.p.h. | 10 m.p.h. | 5m.p.h. | 2 m.p.h. | 15 m.p-h. | 15 m.p.h. 
Seletar "Thunder vr: 224 -- = Shower Shower Shower Shower Shower 
Calm Calm м. SW, | WSW.,| SW. S» ENE. | ЕМЕ, S, 
5m.p.h. | 5 m.p.h. | 5 mp.h. | 10 m.p.h. | то m.p.h. |10 m.p.h.| 5 m.p.h. | 10 m.p.h 
Changi "c = = = Rain Shower | Thunder | Thunder Shower | Thunder 
N.W., N.W., Calm Calm 5.5.Е., S.W., S5 W.N.W., S.E., 5., 
2 m.ph. | 2 m.p.h. 2m.ph. | 10 mp.h. | 5mp.h. | 2 m.p.h. | 2 m.p.h. | 1o m.p.h. 
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ing ‘showers,’ the classification of А 
‘slight,’ ‘moderate or heavy’ and 
floods in the equatorial region som 
lonimbus clouds from half a mile to 
ing to definition, such precipitatio 
yet even ‘violent shower’ {5 quite i 
precipitation, which may be at t 
Falls of this nature might only 
term such as ‘violent rainstorm,’ 


ppendix A provides the terms 
‘violent.’ Precipitation causing 
etimes falls from solitary cumu- 
perhaps 5 miles broad. Accord- 


2. Surface Synoptic Charts* 


d the vocabulary is derived therefrom. Few 
pply near the Equator. In frontal analysis 


r each observation (the 
n Appendix B). Fo; 
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3. Upper-wind Charts 
a тве stations observing upper winds in Southeast Asia are spaced 
istances from 150 to 400 miles, and the network is supplemented 
by reports from aircraft. At each reporting hour, separate charts are 
plotted for various levels, and a useful overall picture of the winds 
aloft can be derived from maps at 3000, 5000, 10,000, 15,000 and 
20,000 ft. Few pilot-balloons are observed to heights greater than 
20,000 ft., so that charts for very high altitudes normally contain 
too few observations to be of much value—a difficulty which may 
be overcome when more balloon flights are followed by radar. 
du poringa simple. An arrow is drawn from each station to 
th € direction from which the wind is blowing, and feathers on 
€ arrow denote wind speed—a long feather for each 10 knots and 
a short feather for each 5. The charts are analysed by drawing 
stream-lines which show the general flow (at each of the fixed upper 
levels) from a consideration of the separate reports of wind speed 
and direction. When streams are discontinuous, the location of the 
discontinuity ismarked. To derive maximum benefit from the upper- 
pud charts, the stream-lines should be spaced in inverse propor- 
ion to the wind speed, but this is not always carried out in practice 
because winds near the Equator vary so little in speed. The primary 
use of the stream-lines is to determine the air-stream boundaries at 
various levels, a process discussed in later chapters. 

, Upper-wind observations have another use. From their speed and 
direction may be estimated the degree of horizontal convergence 
Over any area. In this sense, convergence is said to occur when more 
air is flowing horizontally into some area than is leaving it. Such an 
inflow must be relieved by up-currents. Because cloud and rain 
form in ascending air, the areas of convergence are those of present 
or future bad weather. As tropical rains are essentially local rather 
than general, it is necessary to make separate calculations of the 
degree of convergence for many small sections of the whole region, 
each section being not more than about 50 miles square. The exist- 
ing upper-wind network is too widely spaced to fulfil requirements. 


4. Upper-air Observations 
Upper-air observations are made 

which transmit signals of pressure, 

fixed intervals of time as they are 


Such reports may be used in two ways. 
The observations of an ascent may be plotted on а special chart, 


the most popular being the ‘tephigram’ (see Chapter III). It may 
21 


Бу *radio-sondes'—instruments 
temperature and humidity at 
carried upwards by balloons. 
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be used to determine whether the structure of the atmosphere at any 
particular time is favourable for up-currents, and therefore for the 
development of rain. Because the vertical structure of the equatorial 
atmosphere nearly always favours shower development and as the 
tephigram will not denote the most probable location of rainfall, the 
charting has no great value. In middle latitudes, comparing two 
tephigrams containing ascents plotted for different times or for 
different places may help to identify two Separate currents of air by 
dissimilarity in their vertical structure. This also is impracticable 
near the Equator where currents from totally different directions 


have similar properties of temperature and humidity aloft. 


The sécond use of radio-sonde reports is in the plotting of upper- 
air charts at certain levels of 


pressure. Separate charts are usually 
employed for the 1000-, 750- and 500-millibar pressure levels, and 
on these charts are plotted (among other elements) the tempera- 
ture and the true height of the level at each point of radio-sonde 
observation. From these, contour lines are drawn joining places of 
equal height, together with the isotherms. The lines of equal height 
pick out the troughs and lows of the upper atmosphere, while the 
relation of the height li 


nes to the isotherms shows the speed of 
travel of the troughs or lows. These upper-air charts are in everyday 
use in temperate countries. They may also be useful at low lati- 


tudes, but over no part of the equatorial region are there sufficient 
upper-air soundings to enable the method to be tested adequately. 


5. Summary 


The most valuable observation 
of wind, Small variations of directi 
while both direction and speed ar 


in equatorial meteorology is that 
on are important at ground level, 
€ significant at upper levels, 
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CHAPTER Ш 
Conditions in the Upper Air 


1. Lapse-rates 

Temperature lapse-rates in the troposphere differ from place to 
place because the air is in constant motion involving currents 
flowing over warmer or colder regions. A polar stream, thousands 
of square miles in extent, will have its lower layer heated by the 
warmer ground; stirring induced by relief will carry the warmth 
up a few thousand feet, but at higher levels temperatures may 
remain unchanged. Thus the decline of temperature with height 
becomes great in the lower strata, and a steep lapse-rate occurs. 
On the other hand, a tropical stream travelling to more temperate 
regions will suffer cooling from the land or sea below, until surface 
temperature in it is nearly as low as that at 4000 or even 8000 ft. 
—then the lapse-rate becomes very slight. When layers of air of 
different history lie one above the other, inversions are found and 
temperature increases with height. 

If a parcel of unsaturated air is forced upwards it cools at the dry 
adiabatic lapse-rate of 3° С. (574° Е.) рег thousand feet, irrespective 
of the lapse-rate in the surrounding air. Upon reaching saturation- 
point the rate of cooling becomes the saturated adiabatic lapse- 
rate—about 1:5? C. (2°7° F.) per thousand feet in the lowest layers, 


but greater aloft. 


which air is con- 
and this is im- 
ds depends on 


2. Stability 

Examining the lapse-rates helps to determine 
ducive to up-currents and which will retard them, 
portant because the formation of cumuliform clou 
Up-currents. ^ 

Suppose that observations have been made at each thousand 
feet. The temperatures, shown in the centre column gi Fig. 134, 
have a lapse-rate of 4:97 С. in the first layer and 4:8? C. in the 
second—a steep lapse-rate compared with the usual one of 1°7 C. 
If a parcel of air of temperature 1 5° С. began to move upwards, it 


would cool at the dry adiabatic lapse-rate (assuming that the air is 
not saturated), and at 1000 ft. its temperature would have dropped 
to 12? С. The rising parcel would now be warmer than the sur- 
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Fic. 13 Stability. The Condition of Rising Air 


(a) Unstable (5) Stable 
(c) Inversion (d) Conditionally unstable 


lapse-rateis steep, upward motions in 
producing an atmosphere called *unst. 
vection currents. 


mperatures in the centre column of the case 
in Fig. 135. The lapse-rate, 0-8? to 0-7° C. per thousand feet, is slight. 


» rising to 1000 ft. through this 
oling at the dry adiabatic rate, 


CONDITIONS IN THE UPPER AIR 


b 
Enos a toa lesser degree; in rising to 1000 ft., it would 
ad x ana be still colder than its surroundings- Thus, an 
оа slight lapse-rate presents а retarding influence to 
The cà ement and marks a stable condition. 
se of air rising to an inversion requires consideration. The 


temper » s 5 à 
peratures in Fig. 13c have an inversion in the lowest thousand 


feet. 
et, although temperature falls off above it. Whether the air is dry 
derably cooler than the 


or i "m" 
о D parcel must become consi 
inversi | the inversion and upward motion must cease. Hence 
A ons hinder up-currents. 
feet Басса! case arises when the observed lap: 
(between ере between the dry and saturate 
With а и; 15° С.). An example in Fig 13d has an atm 
any rising ate of 2:5? С. (column i). If this air were non-saturated, 
and be © portion would cool to 12°C. (column ii) at 1000 ft 
Currents E i older than its surroundings. Consequently, its up- 
Saturated rds d be retarded and the air stable. If the air were 
result in a pud ai cooling at the saturated adiabatic rate would 
forcing the emperature of 13:5° С. at 1000 ft. (column iii), rein- 
When a la upward thrust so that the air would be unstable. Thus, 
rates, the E e-rate 15 intermediate to the dry and saturated adiabatic 
the air, à Lin of stability depends on the amount of moisture in 
uch an zm ry air being stable and a saturated air being unstable. 
Most co mosphere is said to be ‘conditionally unstable — the state 
mmonly found in the equatorial atmosphere. 


se-rate per thousand 
d adiabatic rates 
osphere 


3. ee Tephigra. om 

ce graphical methods are used for displaying upper-air 

ог Т.ф. ure soundings. The опе іп general use 15 the Tephigramm 

the air EM where T is the temperature and ¢ is the ‘entropy 0 

there m hen a particle of air warms adiabatically by pela 

direct no transference of heat between 1t and its environment. ^n 
ratio to the gain of temperature, there is a loss to the store of 


Є ... 
at or energy of the particle. The ratio of the two quantities 
mains constant for a sample of 


(Energy [Absolute Temperature) ге ant паре 
ех uring adiabatic changes; and is termed its entropy’, being 
rd in units of energy рег degree of temperature. 
us the original tephigram (Fig- 14), the OY-axis has а scale for 
te тору and the OX-axis а scale for temperature. The potential 
ees (0) is what a specimen of air would attain if brought 
m -adiabatically to a standard pressure of 1000 millibars, and is 
$ кісі to entropy as follows: f 

= alog 0 + b, where a and b are constants. The OY-axis thus may 
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also be graduated according to potential temperature, and lines 
parallel to the OX-axis are dry adiabatic. Saturated adiabatic 
scales are also drawn on the chart with the assumption that all 
moisture falls on condensation, 


Lines of equal pressure may be shown on the tephigram because 


Pressure and temperature in adiabatic changes are related, EAE 
poa 

& values of T and p in a sample of air. 

T becomes the potential temperature, 


remains constant for уагуіп 
When р = тооо millibars, 


T 9 виа 8 
= "conma from which it follows that 0 — T (5) j > 
formula which enables valu 


io, which is also shown on the chart, is 
air, and is expressed 


е 
Бу 622 Pes gms. per kgm, of dry air, where e is the partial pressure 
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of the water vapour contained in the air and р is the total pressure 
of the air. 5 

Тһе ordinates іп the tephigram (Fig. 14) are: 

(1) Isotherms—vertical straight lines of constant temperature. 

(2) Dry-adiabatic lines—horizontal and straight. 

(3) Saturated adiabatic lines—curves sloping upwards to the 

left. 

(4) Lines of equal pressure—slightly curved and sloping up 

towards the right. 

(5) Humidity mixing-ratio lines—the broken straight lines 

sloping upwards a little to the left of the vertical. 

In the improved form of tephigram (Fig. 15) now in more general 
use, the slightly curved constant-pressure lines are nearly horizontal, 
which facilitates interpretation of the diagram by those accustomed 
to temperature-height diagrams. In the modified form, the ordin- 
ates are as follows: 

(1) The nearly horizontal lines are of constant pressure. 

(2) The straight equidistant lines diagonally upwards to the 

right are isotherms. 

(3) The dry adiabatic lines are strai 

upwards to the left. у 
(4) The saturated adiabatic lines diverge upwards to the left. 
(5) The broken straight lines running upwards to the right 


represent humidity mixing-ratio. 


ght and run diagonally 


Plotting on the Tephigram 101 

Four typical plots of upper-air soundings are shown 1n Fig. 15. 
Curve ABCD is plotted from the following pressure and tempera- 
ture data: 


Relative 
Point Height Pressure Temperature Humidity 
Л. mbs. °С. | 72 
D 3500 905 о 5 | 3 
с 2500 932 4 6 
10-4 о 
В 1500 987 Z 70 
A ground 1024 | РУ 


The humidity is plotted as а separate curve (KLMN of Fig. 15) 
as follows. The mixing-ratio line through А shows that the maxi- 
mum possible amount of water vapour in the air at that temperature 
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(15°) is 10:6 

jio the Бим рес kgm. of dry air. Аз the relative humidity at A 
БО) аро a amount of water vapour is 7:4 gms. ( 09, f 
а is plotted for а mixing-ratio of 74 E ie ke T. 
e nd орке level of 1024 millibars. Points L M Ad N 
E Gane arly, and the resulting curve, KLMN: is the Фе 
ABCD. , corresponding to the pressure-temperature du 


I С 

cem of the Tephigram 

_ Чотрагіп, 5 

line, PQ, it SIL e ABCD (Fig. 15) with the nearest dry adiabatic 

AS а steeper la e seen that the atmosphere under consideration 
tmosphere re r e than this adiabatic, and hence is unstable. 

adiabatic RS X sented by EF has a lapse-rate less than the dry 

ditional ае пса the moist TU, and hence has con- 
an the s . Curve is stable, as it is of les lapse- 

aturated VW, while ZI is an inversion. XU 


МЛД the Tephigram 
е tephi 
the first Шалқы has two important uses in middle latitudes. In 
moisture aloft. « it displays the distribution of temperature and 
comparing m зо that different air masses may be distinguished by 
air-mass anal E lapse-rates. This is one of the basic processes in 
apse-rates T aS and its use is made possible by the large range of 
16 is i MEC in middle latitudes. For instance, the lapse- 
TOm the tro E by low-level cooling in all air currents moving 
*egions. pics, but it is increased by warming in air from the polar 
егу di қ 
nts аге VN conditions exist at low latitudes, where air cur- 
moving and are greatly influenced by the regions 
ia there are no 
difying influence 
evel are widely spaced in 
ecome similar in different 
from colder regions, lapse- 
n carries а high 
all lapse-rates of 
lar, so that the 
d by use of the tephigram. 
he 5th and 6th of November 
winds (plotted at 


18 regi 
On, ti 
Curr ‚ temperatures at low levels b 


convectio 
his process 


со 
ntent to upper levels. By t 
come simi 


tem: 
perat 
Separate x and moisture tend to be 
Pare dec cannot be distinguishe 
е conditions at Seletar on t 


1951, for 

the Кес аре (Figs. 16a and 6). The upper 

to the dors levels to the right of cach diagram) show that up 

SOutheasterli illibar level a stream of northwesterlies was replaced by 
ies; yet this change in the air stream would not be 
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Fic. 17 Mean Tephigrams—Singapore 


(с) July (d) December 


(5) March 


(а) January 


IAL WEATHER 
EQUATOR жш Lora 
Temperatures ('E) 300 


Ja. Oct. Nov. Dec. 


п. Feb Mar. Apr. May June July Aug. Sep. 
Fic. 18 Mean Monthly "Temperatures at Singaporc. (After John) 


Б int curves 
suspected from the tephigram, as lapse-rates and dew-point 
are practically the sa 


me on both days, 1 iddle 
The second way in which the tephigram may be used in ый Сү 
latitudes is for predicting the formation of cumuliform clou 
convectional rain b 


ome days and not on others, 
For example, Figs. 16c and d ari 


0200 G.M.T. (0930 M.T.) on 2 the 
the general lapse-rate of temperature in each case is between 
dry and saturated adiabati the 
unstable. The maximum surface temperature at Seletar or 
24th was 88° F. If the surface is warmed to this value (point . 
of Fig. 162), the surface air will + i i 


(i.e. between 250 


height is about т 
m the tephigram, 
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* The fall of pressure with millibar per зо feet, but сап 
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Fic. 19 Temperatures at Singapore, Lagos and Freetown 
(a) Mean January Tephigram (6) Mean July Tephigram 


rising air at B is warmer than its environment Q, it will continue to 
rise, but thereafter cools at the saturated adiabatic rate. At all 
points of its ascent, BC is warmer than its environment, and there 
is no hindrance to convection. Thus it is to be expected that, once 
currents are initiated in such an atmosphere, thick towering clouds 
will develop. А similar condition is found in the ascent of the 
25th January 1951 (Fig. 164). Despite the similarity, 2:29 inches of 
rain fell at Seletar on the 24th while rain was negligible on the 2 5th. 

At the Equator there is little difference in lapse-rate throughout 
the year, as may be seen if the mean tephigrams for January, 
March, July and December (Figs. 174; b, С and d) are compared. 
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Above the surface layer the mean lapse-rates in all months are 
conditionally unstable. The departures from these means are small, 
and therefore clouds of great vertical extent might be predicted 
daily. Much towering cloud does develop, but the amount over any 
unit of ground varies greatly from day to day without correlation 
with any changes on the tephigram. 


4: Upper-air Mean Temperatures Over the Equator 


Although the day-to-day variations in upper-air temperature 
and moisture content are small, there are some seasonal differences 
(Fig. 18). The most important is the fall of temperature at all levels 
from February to March, and the general rise of temperature from 
July to September, the annual range being greatest at very high 
levels. 

Too few upper-air temperature soundings have been taken in 
equatorial latitudes to give a true picture of the horizontal distri- 
bution of temperature at various levels. However, monthly mean 
tephigrams are available? from Freetown and Lagos, which are 
located on the West African coast at latitudes 84° and 61° N. гезрес- 
tively. Comparing these means with those of Singapore, it appears 
probable that there is very little gradient of temperature at any 
level over the whole of the equatorial belt. In January (Fig. тда) 
the Singapore temperatures at higher levels are practically iden- 
tical with those of West Africa, and the greatest differences (at 
800 millibars) are of the order of ЛЕЕ? In July (Fig. 190) the Singa- 
pore temperatures at each level аге Within one to three degrees of 


ГДЕ over Freetown, although temperatures at Lagos are somewhat 
ower. 
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CHAPTER IV 


Formation of Fog and Cloud at Low Latitudes 


s, it might be 


Owing to frequent instability at low latitude: 
nate and that 


e i i 

свеса that cumuliform types would predomi 
{рош cloud would be rare. 

m owever, stratiform clouds are not unusua 
rmation merits some study. 


1 and their mode of 


1. Radiation Fog 
Е clear, calm nights required fo 
RO common in low latitudes an: 
is B but fog formation is confined mostly to places inland. Fog 
Sr. NE on the coast, partly because а moderate wind normally 
viis seaward from the coast each night enabling ground cooling 
ASA spread through a thick layer. The following figures compare 
requencies with which fog forms at coastal and inland stations: 


г the formation of radiation fog 
d sufficient moisture is usually 


$ No. of Days 

Coastal Stations of Fog per Year 
Labuan (North Borneo) o 
Singapore T 2 о 
Kota Bharu (Malaya) 9 

Inland Stations 
Kuala Lumpur (Malaya) 52 
Kuala Lipis (Malaya) : E 236 
Temerloh (Malaya) . . . E 


Kluang (Malaya) 


As radiational cooling first occurs at the ground it is not un- 
common to find that the ground temperature falls lower than that 
at 500 or тооо ft., and so an inversion is formed simultaneously with 
the appearance of the fog. The inversion prohibits upward currents 
of air and maintains a flat top to the fog, which will not be dissipated 
until the increase of ground temperature by solar heating is sufficient 
to destroy the inversion, allowing the rising air to disperse the fog 
into the upper atmosphere. The length of time during which fog 
persists after sunrise depends on the strength of the inversion. 

Radiation fogs generally dissipate about 9 a.m., but they may 
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persist inland until after 10 a.m., particularly where the presence of 


upper level retards the warming of 
a slight wind increase after sunrise 


ys of Malaya 
» persistent fogs frequently occur. An 


ey-fogs in the neighbourhood of Kuala 
Lumpur is shown in Plate TIS 


5 Evening 5 am, | 10 ат. | 7 E 5 a.m. | то a.m. 
(a) Height Temp. | Temp. | Temp, | (0) Height Temp. 


emp. | Temp. Temp. 

feet ЕО || о feet PE °F °Е, 
3000 73 73 73 3000 73 73 73 
2000 77 77 79 2000 77 77 77 
1000 81 76 85 1000 8т 76 76 
ground 85 74 91 | ground 85 74 82 


+ allowing u -Currents to carr 
the fog upwards, However, between di 


o ft. a portion of 
having risen to the 
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inversion prohibits further upward movement. In the tropics, it is 
not common for such stratus sheets to persist because insolation 
destroys the inversion before mid-morning. 


2. Sea Fog 

As the air streams at low latitudes nearly always come from higher 
latitudes, it is rare for a warm stream to overlie a cooler sea, so 
that sea fog is practically unknown there. On the other hand, 
warm, moist currents of air from the tropics frequently pass into 
temperate regions and induce fog formation. Sea fog is common over 
the South China Sea during March and April, although negligible 
at other times. Pressure over Asia decreases during March, when 
the general northeasterly flow over the China Sea is occasionally 
interrupted by air streams of equatorial origin. Sea temperatures 
are then comparatively low, and fog, which forms readily in the 
equatorial air, may persist for several days at a time. It shows little 
tendency to break up during the day because insolation has not 
much immediate effect on sea temperatures, but it sometimes lifts 
to low stratus, particularly when carried to a coast-line. 


3. Cloud Formation in Convection Currents 

Most equatorial clouds form in currents of rising air, which cool 
by expansion. Strong upward currents are initiated by the differing 
Capacity of types of ground to absorb solar heat: a surfaced road is 
warmed quicker than fields, and bare ground quicker than grass- 
covered land. Air travelling across a warm area is heated from 
below and begins to rise; thereafter ascent is under the control of 
the lapse-rate in the surrounding air. If that lapse-rate is steep, the 
Currents may go to great heights; if inversions are present or the 
lapse-rate is slight, the currents will have a low upper limit. 

If the lapse-rate is steep, the air rises and cools at the dry adiabatic 
lapse-rate until temperature reaches dew-point. Moisture then 
starts to condense out in a level cloud base. Above this ‘condensa- 
tion level, the rising air cools off at the saturated adiabatic rate 
until, at some level, it has cooled to the same temperature as its 
surroundings. The cloud tops can be carried no higher than this 
level. Inversions are frequently found at some moderate height, and 
should they exist in the region of rising air, only fair-weather cumu- 
lus is formed (Plate III). This typifies a fine morning, the formation 
reaching maximum height about 2 p.m., and after sunset either 
dissipating or spreading out into a layer of stratocumulus. 

The base of fair-weather cumulus is generally 2000 to 3000 ft. and 
the tops 4000 to 6000 ft. When the general air movement is sluggish 
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on, the atmosphere will 
down-currents. Brunt'? 
ble averages of the up- 
He states, furthermore, 
with height, convection 


that in the absence of а variation of wind 
cumuli are likely to be spaced so that the m 


clouds are 2} to 3 times the height of the top: 
ABCD in Fig. 20a i 


18} 
e 16 
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Е16.20 Convectional Clouds 
(a) Cumulus formed in Air (5) Cumulonimbus; when up- 
rising beneath an Inversion currents Practically unlimited 


reduced its temperature to dew-point at X, Further ascent entails 
Saturated adiabatic cooling until the rising air reaches the same 
temperature as the Surrounding air at Y, and no further ascent is 


Possible. All the cumulus clouds will have a common base at the 
X-level and tops at height y, 


Tf the lapse-ra 
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sphere, and cloud tops are carried to great heights before spreading 
to anvil form (Plate V). As all cumuliform or convectional clouds 
are built in up-currents, they are often accompanied by varying 
surface winds of air moving inward to the core of the cloud to 
compensate for up-draught. Clouds of great thickness—towering 
cumulus and cumulonimbus—frequently contain vigorous up-cur- 
rents, whereas convectional clouds of small vertical extent—fair- 
weather cumulus—contain small up-currents. The mean values of 
the up-currents in clouds have been assessed by Ludlam? at 2 
m.p.h. (1 metre per second) in small clouds, and over 10 m.p.h. 
(5 metres per second) in thick ones. 

Over the land, cumuliform cloud develops gradually during the 
day and dissipates by sunset. Full development may be delayed 
until late in the afternoon and, more rarely, a cumulonimbus may 
continue growing after sunset. Cumuliform cloud grows with the 
steepening of lapse-rate when the earth becomes heated, and its 
cessation and final collapse follows an increasing stability when the 
ground becomes cooler near sunset. 

If layers of stratus and altostratus аге also present during the late 
afternoon, nocturnal radiation from the earth is restricted. This 
slows the fall of ground temperature, enabling instability to persist 
later than usual. When, because of the presence of a stratiform 


Sheet, cumulus cloud remains active until sunset, it is possible that 


there may be out-going radiation from the cloud-tops after dark. 
This tends to produce lower temperatures aloft. Because the stratus 
Or altostratus retards any temperature drop at lower levels, in- 
stability may temporarily be increased and the cumulonimbus 


develop further. 

The diurnal variation of cumulifo 
is not the same as that over the sea, where there is a slight maximum 
of cloud growth during early morning and a minimum by day. 
Sea temperatures vary little from day to night, because solar heat- 
ing of the sea surface is quickly spread through a great depth by 
wave motion. Early morning increase in cumuliform cloud over the 
Open sea must be brought about by a steepening of lapse-rate 


through radiation from cloud tops- 

'The daily change of cumuliform 
extremely great and is brought about by the land breeze. As tem- 
peratures fall over the land after sunset, the cooled air flows sea- 
ward, undercutting the off-shore air. The equatorial atmosphere is 
nearly always conditionally unstable, and the uplift which follows 
vours cumuliform growth. 


undercutting off the coast fa 
The early morning maximum of cloud offshore has a marked 
39 
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effect on precipitation at many coastal stations, because, if the pre- 
vailing upper wind is onshore, cumulonimbus then drifts landward. 
Thus coastal stations may have two maxima of cloud growth: the 
normal inland type Occurring in the afternoon, and that created 
by shower clouds drifting ashore from coastal waters during the 
early morning. 

The incidence of maximum cumuliform development and its 
accompanying maximum Precipitation may vary considerably 
along a coast. Braaks investigated the question by observations 
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PLATE I: FOG LAYER WITH ALTOSTRATUS ABOVE 


-FOG NEAR KUALA LUMPUR 


PLATE II: VALLEY 


PLATE Hm: FAIR-WEATHER CUMULUS 


PLATE IV: SPACING OF INDIVIDUAL CUMULI 


PLATE У: CUMULONIMBUS WITH TOWERING CUMULUS 


ERN SELANGOR 


PLATE VI: OROGRAPHIC CUMULUS OVER EA 


РГАТЕ УШ: 


PLATE VII: ALTO 
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D ву SPREADI 


MULUS CASTELLATUS 


NG CUMULONIMBUS 


TOPS 
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ев їп which a cumulonimbus moves is that of the main 
SONS » us D with an apparent correlation between the move- 
cas er os ouds and the direction of the winds in the layer of 
АЕ 000 апа 14,000 ё The speed of travel is probably 
cc a the wind speed; many columns remain practically 
SA vae ong periods over their heated sources until the clouds 
чы Js eveloped. Then, as the vigour of the up-currents de- 
ec i cumulonimbus may dissipate and, in doing so, drift 
А E me effect frequently observed over the small scattered 
BA unis fo the Rhiouw Archipelago. Individual cumulonimbus 
AM AUS over each island during the day, but, as insolation 
cuin ion decrease in the late afternoon, the clouds drift 
over the sea. 

MT the large land masses, 
DENS 2n thunderstorms appear to к 1 
men т growth. This is not necessarily a bodily move- 
ИА Э it could result from propagation, a succession 
а understorms forming downwind as the parent columns die. 
the DARE from a cumulonimbus is likely to travel with 
ERR PE wind direction, it may undercut the air immediately to 
TEE 1908 original column, and, by doing so, create a new 
Nimbus orm. Down-wind 3 miles away from an existing cumulo- 
Res 26 a place favourable for new cumuliform development. 
(bin 5 servations of thunderstorms by radar have shown that 
while E of progression and propagation is common, and that, 
Gi n ividual columns are never long-lived, new ones are con- 

antly being formed. 
m y oane in the general wind stream are not great, the down- 

Ow from the top of a cumulonimbus spreads out evenly in all 

irections, causing the most likely place for the development of a 
new column to be between two existing ones. Byers' states that new 
development is most probable between two columns not more than 
3 miles apart, where two cold outflows meet to displace the warm 


air upward. 


however, the columns and their 
drift with the wind before 


4. Orographic Cloud 
, Because the equatorial 
ditionally unstable, orograp. 
S generally too light to en 
orm and stratiform types are found (Plate VI). 
lentiful in Southeast 


Examples of orographic formations are p f 1 
Asia. During the Indian Southwest Monsoon practically continuous 


layers of stratus, altostratus and nimbostratus at various levels line 
41 


usually moist and con- 
hic cloud forms readily. But the winds 
force great uplift, so that both cumuli- 


atmosphere is 
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the Thai and Burmese coasts from Phuket to Chittagong, posi 
with protrusions of cumulonimbus at the coast during early тани ma 
and inland during afternoon. Stratiform layers also cover the 
coasts of Indochina and Malaya during the Northeast Monsoon 
accompanied by a tendency at inland locations for scattered ate 
liform columns to rise through the strata about midday; offs 10 
cumulonimbus often drifts to the coast in the early morning. 


те d A 
Similar conditions are experienced on the northern coast of Borne 
and Java during this monsoon. 


5. Turbulence Cloud 


6. Cloud Formed by Shear 


A formation similar to turbulent cloud may derive from a differ- 
ent cause. When there is an increase of wind str. 


produced. 


Brunt describes the effects of shear thus: 


is a rapid increase of wind with height, the clouds 
form in long rolls with ascending motion over the whole of the cloud 
base. 


Ong rolls transverse to the direction of 
Shear; these are often distorted b 


ет 
roughly parallel lines indi 


with height, in conjunction with a fairly m 
the layer, 
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бош і BETA 
heast Asia. Indistinct rolls are sometimes evident in them, so 
to shear within a 


ое Г these formations are probably due 

НИ ЖЫН er times the layers arc thick and uniform, and a dif- 
BE con must be sought. It is likely that, in the latter case, a 
ing to'a slo vergence is occurring over a great horizontal area, lead- 

This aH general ascent of air within the mass. 
stream awe, what induces this convergence in the monsoon 
Meis н x Е exists since, during the Southwest Monsoon, 
frequentl VE south-southwesterlies on the Tenasserim coast аге 
Ceylon. s ae lighter than in the west-southwesterlies crossing 
bodily in the ably the effect is related to orography; the stream turns 
ranges of B eastern Bay of Bengal to run northward parallel to the 
urma. 
subsi Pes which disappear in the heating conse 
Щи, sometimes develops wit 
E NADA cooling of the tops an 
nus mud the air in which the clouds are suspended.” In the 
emerge fr е lapse-rate is steepened, and cumuliform columns may 
heated Бгн the layer. In the second, the air below the cloud is 
EE M er during descent, but the air within it may 
about an € lesser saturated adiabatic rate. This differential brings 
favourabl unstable lapse-rate within the cloud and conditions 
etes ©. Юг cumuliform development. А common result of 
(Plat ng instability is the development of altocumulus castellatus 
е VII). 


bsidence: near the edges it breaks 
quent to the 


hin a cloud sheet, either 
d heating at the base, or by 


7- Spreading Tops of Cumulus Clouds 
о stratiform sheets аге formed by à spreading of the tops of 
Сант which are cumuliform in origin. The upward currents in а 
AN шү cloud, on meeting а stable layer, spread out in 
rem ops at altitudes between 18,000 and 50,000 ft. (In temperate 

Sions, the tops are much lower.) Air currents, which have 
merece in the cumulonimbus, flow horizontally to join the main 

mospheric stream, carrying with them cloud particles to compose 


a stratiform sheet down-wind from the original column (Plate VIII). 
sometimes of altostratus at 


Normally the sheets are of cirrus, 

various levels. The latter are formed either through horizontal out- 

flow at altitudes less than the cloud tops, 07 by the spreading tops 

from towering cumulus which have not reached cirrus altitudes. 
The incidence of altostratus sheets formed by the spreading of 

cumuliform tops is low during the middle of the day when сопуес- 
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tion is at its peak, because of the down-currents in the neighbour- 
hood of each cumulonimbus. In the late 


iati ing of the lowest layer 
of the atmosphere. 


by local heating, they are no 


с » Conditions favour the development of both 
cumuliform and Stratiform clouds, 


CHAPTER V 


Strong Convection and Precipitation 


x Е and Precipitation 
ee ешш clouds are associated with thunderstorms and 
is A Sh Gh с Within them, to the danger of aircraft, there 
Tegions of Rene because of the convection which develops 
observations” ed up-currents and down-draughts. Recent 
various heights У aircraft flying through cumulonimbus clouds at 
MESE is : etween 4000 and 26,000 ft. have shown that tur- 
ana e near 4000 ft. (which is nearest the base of the cloud) 
eight reach SUM a height which is 10,000 ft. below the maximum 
another for ed by each cumuliform column. Jones" states this in 
increases gr. С that turbulence within а cumulonimbus cloud 
than bal ihe ually from the base upwards until a heightofa little less 
evel, turb е total vertical extent of the cloud is reached. Above this 
» turbulence remains nearly the same for a considerable height. 


It is 
generally accepted that condensation in the atmosphere 


ta 
oa place on hygroscopic nuclei. It has been stated”? also that, 
rain of a particles are co-existent with water particles ina cloud, 
crystals НЫ intensity develops. However; the presence of ice 
tions, 20, not essential in the production of rain, as recent observa- 
clouds of i the tropics indicate that rain frequently falls from 

CER ich the tops arc below freezing level. 1 Жү, 
into the f studies of cloud formation have included investigation 
included unction of the nuclei of condensation. Ех 
carbon M ОЕ substances, such as crushed (so 
cumulu ioxide), silver iodide and volcanic dust, into an existing 
WA s or layer of stratocumulus. The results of ‘seeding of clouds 
develo way have been that cumuliform columns with rain have 
E d where conditions were apparently favourable, and that 
um aneously cloud has dissipated in areas where horizontal 
И already existed.** 

ERE are very commo 
АКУНУ, еу аге a daily occurrence 2 ‹ 
is at red frequency is in the afternoon, while over the open sea it 
I E t or early morning. Coastal arcas commonly have two 
a—one in the afternoon through local heating and one in 
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i i t off- 
the early morning associated with cumulonimbus E. $ed 
Shore. At Penang thunder is heard on an average of 204 day: 


ulonimbus, a separate 
heet. 


ж” © 
В " 
| D 
(a) (9) 
777447 VOR AS АТЛАУ АД 


2. Intense Convection* 
Tornadoes and waters 


» instability is a 
* With acknowledgment to Gordon,23 
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condition for forming them, and this may often be due to insolation 
over land. A steep gradient in the air’s moisture content also favours 
convection, because water уарбиг is less dense than dry air. Up- 
ward motion is apparently initiated when some small portion of air 
near the earth’s surface becomes warmer and moister than the sur- 
rounding air. The rising air pursues a spiral motion upwards, the 
rotation being frequently (but not always) clockwise in the Southern 
Hemisphere and counter-clockwise in the Northern Hemisphere. 
Moisture usually condenses as a column of cloud in the rising cur- 
rent, and latent heat thus released supplies additional energy for the 
circulation. 

Tornadoes and waterspouts are frequently associated with 
cumulonimbus clouds, and it is usually considered* that convection 


(a) <7 (qu) 


2 ) E во 
(е d e b: zy 


(2) 
& e 
Fic. 23 The Vortex 


(a) Cross-section of a vortex (b) The two vortices 


into the base of a cumulonimbus initiates the vortex. Wegener,** 
while agrceing that its development is associated with a cumulo- 
nimbus cloud, considers that the vortex initially lies along a hori- 
zontal axis in the forward part of the cloud and across its direction 
of travel (as in the cross-section of Fig. 29a). Visible waterspouts 
are the ends of the vortex, which has two spouts bending down- 
wards as they emerge on either side of the cloud. These two spouts 
revolve in different senses at ground level (Fig. 230). Supporting 
this theory, pairs of spouts associated with single cumulonimbus 
columns have been observed in the Java Sea. 

From the ground, tornadoes appear as funnels of cloud, some- 
times curved and normally capped by thick cumuliform cloud. Their 
frequencies are low at very low latitudes, and greatest in North 
America and Australia. They are highly destructive, the damage 
being caused by strong winds (at times exceeding 200 m.p.h.) and by 
explosive effects of the extremely low pressure within them. 

Waterspouts are usually first observed in an inverted cone of 
cloud emerging from the towering cumulus or cumulonimbus. Its 
lower and narrower end wavers as it grows downward, and on 
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reaching low levels agitates the surface of the sea as water is lifted 
bodily to form a continuous funnel stretching from sea to cloud. 
This funnel narrows to a waist at middle heights. The spout may 
travel down-wind erratically at speeds of 10 to 20 miles per hour. 
Decay sets in at low levels when the funnel narrows following а 


decrease of winds, and the narrowing and dissipation progress up- 
wards until all sign is lost, 


Gordon? estimates that although short-lived waterspouts of 


he longest observed spout wae 
сеп 1000 and 2000 ft. Widths 


only 3 ft. Spouts in equatorial wate: 


rs are generally 500 to 2000 ft. 
in length and about 50 to тоо ft. in 


diameter, 
3. Equatorial Rainfall Types 


Most rainfall in lo ted with cumulonimbus 
clouds, so that the diurnal variation of rainfall de 
that of the clouds. Maxi 


w latitudes is associa 
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nimbus and altostratus (Chapter X), leading to precipitation 
primarily from the cumulonimbus, but also extensively from the 
accompanying altostratus sheet. 

Although rainfall types may be classified according to their 
formation, precipitation at any one time may derive from a com- 
bination of types. Some of the heaviest rain of the Indian South- 
west Monsoon occurs from type (а), but the amount is far less over 
the Bay of Bengal than it is on the Burmese coast, where orographic 


uplift (type (5)) also comes into play. 
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CHAPTER VI 


Rainfall Types of Southeast Asia 


the driest months, 
of the driest and t 
in ecology. 

A study of Table 


and the proportion between the average falls 


he wettest months—which is of special interest 
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At many places the greatest falls are when the monsoon begins. 
Braak* states, “Аз a rule [in Sumatra] the monsoon change in the 
second part of the year is the principal rainy season. . . . The onset 
ОЁ a monsoon involves the replacement of one current of air by 
another coming from a different direction, and along their boundary 
conditions favour the large-scale formation of rain. The advance of 
the boundary is slow so that the rain it causes in one locality may 
persist for a long time. For instance, the Northeast Monsoon moves 
fairly uniformly across the China Sea, but once south of latitude 
5* N., its average speed decreases and at times its boundary may 
become stationary or even temporarily retreat. The rainfall accom- 
panying the boundary may then persist for several days and add 
substantially to the total rainfall. 

Linear disturbances wholly within an air stream may move 
down-wind and bring rain; they are not frequent in Southeast Asia 
though their part in the total rainfall must not be overlooked. 

An isolated convectional shower in the tropics may produce a 
heavy fall of rain over a small area. The conditions for showers 
are nearly always present at low latitudes, except to the lee of 
mountain ranges where the drying-out of a steady monsoon cur- 
rent decreases the incidence of showers. Thus an exposed locality 
like Singapore has monthly rainfalls varying only from 6:66 inches 
in July to 10-14 inches in December, whereas at Kota Bharu they 
vary from 26:25 inches in December (when it is exposed to the 
Northeast Monsoon) to 5:52 inches in July, when southwesterlies 
cover Malaya (Table 4). 


2. Regional Distribution of Rainfall 
The mean monthly rainfall maps (Figs. 24 to 27) and mean 
annual rainfall map (Fig. 28) have been compiled from a number of 
sources 232 to illustrate the seasonal march of rainfall over South- 
east Asia. Their implications in parts of the region are as follows: 


Indochina 

The Northeast Monsoon reaches Indochina about October, and 
its incidence is evident in the mean monthly rainfall at Quangtri 
—August 3:94 inches, September 15:71 inches and October 
26-42 inches (Table 4). Heavy rain occurs on all the northeast 
coast during October. Leeward of the coastal ranges rainfall is as 
low as 4 inches, while farther south in Cambodia and Cochin-China, 
where shelter is less, the monthly mean is 8 to 16 inches. September 
and October are the wettest months in Cambodia. Orographic 
rainfall remains high (about 16 inches) on the northern Indochina 
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Kuala Lumpur 
Mersing 
Singapore 


Sumatra 
Sabang 
Medan 
Padang 
Palembang 
Benkoelen 


ол Borneo 

© 
Pontianak 
Balikpapan . 


Java 
Djakarta 
Soerabaya 
Jogjakarta 


New York 
London . 


6-77 
14°74 
9:90 


12:33 

5°67 
13:86 
1126 
11:07 


10:91 
787 


11-81 


12°33 
19:90 


3-76 
2:19 


11:77 
11:50 
13°19 


2:94 
1:45 


9:25 
8-26 
763 


5'47 
421 
12:16 
12:25 
11:50 


9:53 
9:09 


8-27 
10:52 
12:25 


417 
1:61 


10:76 ў 
547 
7:39 


3°74 
524 
14:48 
1118 
11:50 


10:94 
8-22 


5:79 
7:37 
8:27 


3:57 
2:04. 


8-40 
6:36 
6:80 


6:42 
6:85 
12:80 
717 
9:01 


11:10 
9:13 


445 
433 
496 


3:31 
r89 


497 
5:88 
6-78 


4:10 
516 
11:70 
476 
737 


8-74 
7:60 


3°78 
3-46 
3:46 


3:89 
1-57 


3:97 
6-43 
6-66 


3:90 
524 
10:52 
3:82 
6:89 


6:46 
713 


2:48 
г85 
гбі 


3:35 
1:93 


6-24. 
6-82 
7.68 


+33 
6-81 
13°74 
оз 
8-11 


8:03 
6:38 


1:65 
0-51 
0:95 


414 
2:09 


7:36 
6:13 
6:99 


6:69 
8-43 
16-18 
433 
921 


8:97 
5:51 


2:60 
O'51 
1:22 


479 
2:04 


11:05 
9:40 
8-20 


7'бо 
10°55 
20:08 
8-03 
14°05 


14°37 
5:24 


437 
149 
3:79 


311 
2:60 


то-то 
13°53 
9:97 


984 
941 


| 20-47 


11-14 
15:51 


15:27 
6:61 


5:59 
464 
8:97 


2:62 
2:87 


9:28 
20:23 
10:14 


13:98 

847 
19721 
12:64 
1413 


12:68 
8:15 


8:03 
9:80 
13'39 


2:67 


' r81 


9440 
111.33 
94'99 


84:31 
79:35 
175:32 
100'25 
129.88 


125'19 
87-79 


79°59 
68-31 
75'87 


42:32 
24:09 


TABLE 4 


Mean Момтных RAINFALL (INCHES) 
7. Е, М. А. М. 7; Sh А. 5. 0. N. D. Year 
Burma 
Akyab.. 0:00 | 0:08 | озо | 0'84 | 18:97 | 3786 | 4742 | 3701 | 26:31 | 1149 | 3:00 | ogr | 184-19 
Mergui 113 1:90 2:33 5:52 | 15'19 | 29:89 | 32:70 | 29:06 | 23:99 | 11:57 | 428 1:30 | 158:86 
Rangoon 0:04 0:28 0:09 4:00 | 12:20 | 21'41 | 23:25 | 20'21 | 17:21 7:86 3:24 0:97 | 110774 
Thailand 
Bangkok 003 | 0:78 r41| 3:11 | 4:72 | 6:37 | 5:85 | 5:55 | ат 749 | 216 | 052 | 4910 
Indochina 
Quangtri 6:03 | 1:22 | r46 | 134 | 276 | 2:64 | 4:84 | 3:94 | 1571 | 2642 | 1599 | 7-21 | 89:56 
Cambodia 
Phnom-penh . B j 
от-реп 939 | 0'32 | 075 | 240| 540) 543 | 575| 540 | 9:29 | 890 | 512 | 142 | 5057 
Malaya 
Penang 48 . ` 8. Я 5 
Kota Bharu . ae SE. ud Ж E т а GSMO OE | ала 1663 12:0 5°87 | 103-95 
4 7 4:61 чы | Gog | 5:52 | 6-59 | 8-71 | 1196 | 2404 | 26:25 122.83 
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coast during November, but fall 
tered regions to the southwest. 


Falls diminish generally during December and January, and E 
February are negligible over the whole area. Before the end of Apri 
the orientation of the current has changed, and the Northeast 
"Trades enter Indochina as southerlies. Although the coastal belt is 
still nearly rain-free, precipitation increases on the ranges, becom- 
ing more marked in May as the leading boundary of the Indian 
Southwest Monsoon moves across the country, so that at Phnom- 
penh the rainfall increases from 2-40 inches in April to 5:40 inches 


in May. Owing to sheltering, there is less increase on the north- 
eastern coast. 


From May to late September 
Monsoon cover the 


s are then decreasing in the shel- 


› the westerlies of the Southwest 


entire country, bringing rainfalls of 20 inches 
in exposed coastal portions of Cambodia and on the western slopes 
of the northeastern ranges. The central region remains reasonably 
dry, averaging about 4 inches per month, 

From July to October there are about оо to 25 rain-days* per 
month in the east and about I5 to 2 


о elsewhere, Frequencies there- 
after slowly decrease, and from December to M 
than’ 5 rain-days per month. Aft 


gradually increases—at first from s 


Thailand Above Latitude 8° Ж. 


Heavy rainfall does not occur in Thailand at any time, because 
the country is sheltered from the So 


Tenasserim Ranges and from the North 
of Indochina. Thailand’s mean annual 
about 40 to 60 inch 
I2 inches in places) 
east Monsoon is a 
tion is negligible 
loses moisture whi 

In June and Jul 
of Bangkok bec use, al 


onths afterwards precipita- 
onsoon current 


July, August and October normally have 
about 7 days each i 


» after which the monthly frequency is less than 5: 
period of twenty-four hours in which оог of an inch or more 
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Asia 


Fic. 28 Mean Annual Rainfall—Southeast 


Tenasserim 
The Indian Southwest Monsoon comes over Tenasserim and all 
Burma during Мау. With its onset, heavy rain occurs along the 
о to 50 inches in the far 


ranges and western coast totalling from 4 
Phuket. After May, falls slowly decrease 


north to ro inches south of 5 
until November, when the Northeast Monsoon 15 already estab- 


lished; then relief reduces rainfall to about 3 inches per month. 
A further decrease follows, monthly totals of less than 1 inch being 
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common until April, when convective s 
weakening of the Northeast 
5 inches. 


There are 25 rain- 
south from June to 
coming less than 5 р 


howers (associated with the 
Monsoon) produce averages from 1 to 


days per month in the north and т 5 in the 
August. The frequency lessens thereafter, be- 
ег month from December until May. 


Malaya and Southern Thailand 


Stewart? recognises three 
The first is along the east co 


The range of monthly means of rainfall around Malacca is not 
great—from a minimum оға į 


Rainfall from June to September is low, 
ing from the Southwest 


› rising to maxi 
8, the earlier 
undary of the 
Malaya is à 
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eae aphic influences are so small at Singapore, much of its rain- 
all is from showers which, though haphazard each month, result in 
an annual range of monthly means which is small. 

Annual rainfall varies from place to place in Malaya between 
8o and 120 inches, no one place being extremely dry or wet: the 
driest is Jelebu (65 inches per year) and the wettest recorded is near 
Taiping (232 inches): Rain-days аге fairly evenly distributed 
throughout the year, and their maxima coincide with highest mean 
monthly rainfalls. Thus in wet periods there are 20 to 25 rain-days 
т month in central and Eastern Malaya, but at no period and in no 
Ocality are rain-days fewer than 10 per month. 


Sumatra 


: The rainfall of Sumatra is described by Braak? as follows: 
Generally speaking rainfall is abundant and fairly equally distri- 
buted over the year. As a rule the monsoon-change in the second 
part of the year is the principal rainy season, a smaller rainfall 
maximum occurring in the first monsoon-change, two relatively 
dry periods lying between the two maxima. In relatively small 
regions, where January and February are the rainiest months, the 
monsoon-change rains are joined with the monsoon rains into one 
rainy period, and in that case there is only one relatively dry season. 
Such monsoon maxima of rainfall occur in the southeast part of 
Sumatra, which is in this respect a region of transition with regard 
to Java and the Minor Soenda Islands.’ 

The mean annual rainfall is less than 100 inches in eastern areas 
and a small part of Northern Sumatra. Annual rainfall on the west 


coast and among the ranges is 120 to 140 inches, but in several 


regions falls are more than 160 inches annually. During May, June 
and July, when the Southwest Monsoon is established farther north, 
Sumatra is covered by a light southwesterly to southerly stream, the 
southernmost fringe of the monsoon. Rainfall is then about 5 inches 
monthly over Eastern Sumatra, and only 8 to 12 inches west of the 
ranges. A slight general increase occurs during August, when greater 
variability in the wind directions promotes showers, while from 
September onwards monthly rainfall is 8 to 12 inches on the east 
Coast and over г2 to the west. р х 
Rainfalls increase in December and January with the arrival of 
the Northeast Monsoon. Monthly rainfall is 8 to 16 inches then, 
f the high country. There isa 


though it reaches 20 inches in parts О try. 1 s 
decrease during February, but in March and April rainfalls in- 


crease in the west with the beginning of the southwesterlies, which 
later in the year move north to form the Southwest Monsoon. 
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From March to May there are about 1 5 rain-days per month in 
the east and 25 in the west; from June to September they are fewer. 
А monthly total of more than 20 rain-days is common during the 


period October-January, while February rarely has as many as 
15 per month anywhere. 


Java 


5 inches except in the i ‘ast become negligible 
during August and September. 

There are slight inc i 
showers. With the arrival of the N 


monthly rainfall exceeds 16 inches over much of the country ex- 
posed to the north; elsewhere it is 


after the monsoon boundar: 


pril onwards, and the dry months July 
to September most] days per month. October 
sees a slow increas nd by November most places 
have 15 to 20 days 
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c 

c ры) less than 12 inches by April, except in the central 
NI E yes continue until June, when the Southwest 
DDR ус 5 cross all Borneo, and rainfall drops to less than 
Ou ET r m southern half. The slackening Southeast Trades in 
Bal of th ава owers with increasing monthly totals and, until the 
e he Northeast Monsoon, rainfall remains above 12 inches 

north and below 12 inches in the south. 


3. Individual Observations and the Rainfall Mean 


In maki 
king use of mean values of rainfall, it is necessary to exercise 


к гіс numus rainfall and monthly mean rainfalls are each 
АТТ bon many observations varying considerably one from 
(ER dm ctual conditions ina certain month may be different 
54 mean, particularly in the tropics where the range of the 
ны totals is great. 

ЖТ observations have been maintained at Taiping, Malaya, 
е eh 1888. During the 624 months up to the end of 1939; 
EUM as a great range between the smallest and the largest of the 
AE d totals. The driest month was July 1929, with no rainfall, 
rainfall wettest was October 1902, with 44°45 inches. The mean 

all for all the months of the year was 13:80 inches, that for 


Ty 6:51 inches and for October 20:50 inches. These means show 
July is generally a dry month and October wet, but they in- 
hich can occur in a particular 


adequately describe conditions W: 

month. 

Eu may investigate the distribution by dividing all the monthly 

Soi 5 into classes and determining the number of months during 

th ich the rainfall falls within each class. Thus rainfall was less 
an т inch on two of the 624 months, І t0 2 inches during six of the 


x 
$ 


© 


Frequency 


20 
Rainfall (inches) 
s of Monthly Rainfall at Taiping, 
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Fic. 30 Range of Monthly Rainfall, April—Malaya 


months, and 2 to 3 inches durin; 
The numbers in each class are plotted in Fig, 29, 
curve drawn through the values. The mean value of 
13:80 inches, is also drawn (line AB). 


and a smooth 
all the months, 


а fixed lower limit (no rainfall), but no 
y falls; and therefore the mean is raised 


icular region? The mean in the Taiping 
o months lie within the range 8 inches 


example), it may be of importance to agriculturists who wish to 
know the Probability of the raj i 
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Fic. 31 Range of Monthly Rainfall, November—Malaya 


ds over a long period (one 
may be calculated for each 
mode as the 


ini сегізі limits. If there are recor 
i ЛД С or more), the probability b 
Standard. onth of the year, preferably using the 
72022 considering range | 
ifferen infall figures, demonstrating with seasonal maps of the 
BEI ce between the absolute maximum and absolute minimum 
Denied n. different regions. To benefit from this method, long- 
UNE servations are desirable. Its applications in the Malayan 
with a ге shown here (Figs. 30-32), but the results must be treated 
ado Heime reserve, since most observing stations have been 
ш; в for only twenty to forty years. ) ( 

л. ng April (Fig. 30) winds over Malaya are light and variable 
САН оп, аз the Northeast Monsoon has ended and the South- 
өн опзооп not yet started. In such calm conditions, instability 
loca] E due to surface heating, and most rainfall of April consists of 
Ais showers. Fig. 30 shows that, except on parts of the cast coast 
s Over a strip of high country in the west, the range 18 small 
a d то and 15 inches. If we now refer to Fig. 25, we find 
E e mean April rainfall in the region 1s mostly 8 to 12 inches, 
herefore we must assume that this mean 1s compounded 
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(= I2 , 10+ 3) 


- Similarly, monthly totals in the western belt 
2 4 


are mainly between 5 and 23 inches, 
Ranges are greater in November 
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the monthly mean. This is best investigated by considering the 
intensity or maximum falls which have occurred during a day. 


4. Intensity of Rainfall 

From 1931: to 1940 practically all the values of maximum rain- 
fall in 24 hours at each of forty-seven stations in Malaya were 
between 2 and 8 inches. These are heavy falls, especially by com- 
Parison with those of most temperate countries. (The maximum 
24-hour fall ever recorded at Ben Nevis was 7:75 inches.) A few 
Stations had much heavier falls, as follows: 


Pekan 19:18 inches (Dec. 1938) 
Penang Hill 14:29 , (Мау 1939) 
Kuala Krai 1215 „ (Jan. 1939) 
h Port Dickson 1272 , (July 1935) 
Kuantan 11:05 „ (Nov. 1931) 


As the total rainfall at Pekan during December 1938 was 41:19 
inches and the December mean is only 26:78 inches, this fall of 
only one day's duration had a great influence on the range of 
December total falls. In a similar way, the day's fall of 14-29 inches 
at Penang Hill considerably expanded its May range, since the 
mean monthly rainfall is only 14:95 inches. The precipitation at 
Pekan was probably due to an extensive disturbance in the North- 
east Monsoon. Penang Hill's heavy fall was partly due to relief, 
though the leading boundary of the Southwest Monsoon may have 
been an influence because it crosses Penang during May. There is 
no such simple explanation of Port Dickson's heavy fall during 
July, when the Southwest Monsoon is always well established. It 
might derive from a large disturbance moving within the south- 
westerlies or, more probably, from an isolated thunderstorm. 

Although some of Malaya’s maximum 24-hour falls appear high, 
similar falls are not unknown in other parts of the region. Braak* 
reports that the highest daily fall ever recorded in the Indies was 
20:12 inches at Besokor. Even this value is not high by comparison 
with the following 24-hour maxima ?^ 33; 


Cherrapunji 40°79 inches 
Funkiko (Formosa) 40:71 ,, 
Honomu (Hawaii 31:97 ,, 


With 24-hour falls occasionally exceeding 19 inches in the Indies, 
there must have been even more intense falls of shorter duration. 
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The highest rainfalls for certain periods at any one of ten ше 
near Batavia from March 1923 to January 1925 were as follows”: 


Minutes Hours 


Duration of Fall | то 30 | I 2 3 4 5 10 12 


Rainfall (inches) | 0-99 2:02 | 19° 350 449 540 622 740 744 


Duration (hours) | i i i 


Rainfall (inches) | 156 258 393 473 579 5% 5:84 


5, Variation of Rainfall with Height 

Rainfall is on the whole greater in high country than over plains. 
Inany Beneral Survey of а region, including both hills and lowlands, 
much detail is necessarily neglected. Rainfall increases with height 
to a certain altitude and thereafter decreases. The rates of the in- 


crease and decrease vary considerably, as do the heights at which 
the change takes place, 


In Java? rainfall increases from t 
an altitude of 2000 
rainfalls may remain со 


dy decrease, These rules apply 


constant for all heights, De Boer‘? 


although the number of тат-Чауз and the duration of showers 


increases with height above 4000-5000 ft., the intensity of rain 
decreases, producing a compensation, 


Suggests this arises because, 
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6. Diurnal Variation of Rainfall 


Rainfall also has a varied distribution throughout each day. 
Maximum frequency of precipitation normally occurs during the 
afternoon over land and in the early morning over sea. These 
principles convey the impression that, at any tropical land-station, 
cloud increases during the morning to develop showers in the after- 
noon: This is true for most inland stations, but the early morning 
maximum over the sea has a pronounced effect on many coastal 
stations where at some seasons showers are far more frequent in the 
morning than in the afternoon. М Siew. 

Figs. 34 and 35 show the fre- 15 J- /апиату-------- 
ou cee eur 
in different parts of Malaya. The 
times of day are plotted against 
the percentages of days of the 
month on which rain falls during 
each hour.** In such analyses а 
rain-hour is taken to be one on 
which there is a fall of o-o1 inch 
or more, Similar analyses adopt- 
Ing various values of minimum 
hourly precipitation have 
indicated that highest frequencies D 
of precipitation occur at about 
the same timé of day irrespective 
of the minimum stand ard Fic.33 Frequency of Precipitation at 
adopted (Fig. 33). Various Times of Day for Different 

The varieties of time of day of Values of Minimum Precipitation 


maximum frequency of precipita- "p 
tion over Malaya indicate three different classes of distribution— 


ап East Coast type, an Inland and a West Coast type. 

That at Kota Bharu is typical of the East Coast type. February, 
March and April show no marked peak in frequencies: fewest falls 
are experienced in the afternoon and most (particularly farther 
south) occur in the early morning. From May until October this 
timing is reversed and minimum frequencies are shortly before 
midday, while the maximum frequencies are in the afternoon, 
mainly about 6 p.m. (М.Т.), but as early as 3 p.m. in the far south. 


ed from fifteen years of autographic records, 
ch hourly interval the average of three 


ent 
5 


Е 
requency Perc 


* These frequencies are calculat 
and the curves smoothed by plotting at са 
consecutive hours. 
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Fro. 34 Frequency (% 
Day—East Coast and Inland Mal. 


6 1218 o 6 12180 


Тїте of Day (MT) 
) of Occurrence of Precipitation at Various Times of 
aya (After Lea‘) 
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SITIAWAN 
г. June 
10 5 
a XE 
Dec. 


20 | July Aug, Sep "E Tos 
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ТЕРЕНС О ОЕ. 
Time of Day (MT) 
f Precipitation at Various Times of 


Fic. 35 Frequency (%) of Occurrenes Piaya (After Leaf!) 


Day—West Coast of Malaya 
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The peak of maximum occurrence is later than midnight after 
October and 6 a.m. in December and January. 

ed with seasonal upper-winds. 
ril (the ‘inter-monsoon period’), 
rly even rainfall distribution of 
mbus cloud, together with showers 
ng. After the start of the monsoon 
uthwest and showers from the sca 


i Ч t 5 p.m., associated with light 
winds and diurnal heating of the land. S 
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when the Southwest Monsoon covers the country. Then, cumulus 
and cumulonimbus develop in the Straits of Malacca on most 
nights, and extensive cumulonimbus clouds commonly move to the 
West coast of Malaya in the early morning. The structure may be 
a single cumuliform column or a long line of cumulonimbus parallel 
to the coast. Sometimes its advance is accompanied by a strong 
squall termed a ‘Sumatra’ because it approaches Malaya from that 
direction. The formation of ‘Sumatras’ has such an effect on the 
weather of western Malaya and the Straits that it will be discussed 
fully in Chapter XIII. These squalls form over the Straits of Malacca 
at night, the radiational cooling of cloud tops probably helping to 
Provide the instability for cumulonimbus formation. Furthermore, 
the outflow of cooled night air from the hills promotes the uplift of 
the unstable air over the straits by undercutting.” 

There are many ways in which the rainfall of a region may be 
analysed. A detailed analysis may normally be made only for a 
Single station or for a very small area, as such large variations are 
brought about by differences in topography and in the heat-absorb- 
Ing properties of adjoining surfaces. Mean monthly and annual 
rainfall maps are only approximate guides to the actual conditions. 
Their reliability is a function of the number of reporting stations. 
Over large areas of Southeast Asia, particularly in the ranges of 
Malaya and Borneo, there are few records of rainfall, so that its 
regional rainfall maps arc considerably less reliable than those of 
more closely settled regions of the world. 
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CHAPTER VII 


Theory of Equatorial Air-movements 


1. Pressure-Wind Relationship 
If the earth 
of air would b. 


leration would be perpendicular to 
ne of the turn-table, A stream of air 
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of the €arth towards lower pres- 
Sure, it is deflected more and 
more to the right (in the т 
Northern Hemisphere) until the 
forse is perpendicular to 
pressure gradient—i.e. along j 
me isobars. Hence, systems of 
Rr and lows persist with air 
Tie ing around their centres. 
wide б. the rotation in the 
D S d mes is clock- Fic. 36 Deflection of a Moving Particle 
aaa ig end counter- — , 
Heri about a low. These directions are reversed in the Southern 
isphere. 
К e ecleration due to pressure gradient is С/р, мћеге С 15 the 
Bec зае апа р is air density. By equating the acceleration 
eM € earth's rotation with that due to the pressure gradient, e 
€ may be found for the resultant wind speed along the isobars: 


G/p = 2Vw sin ф . : : 2 (9) 
Я ВА G 
ы b 2pw sing ` ў : 2m 


U : 1 
nderlying these relations between pressure and wind are assump- 


tions that: 


a Н . . 
(а) There is no acceleration or retardation of the system. | 
which are 


(^) The isobars are evenly spaced parallel straight lines 
DET changing with regard to time. | | 
ion may be neglected, the equation applying to an upper 
level where the frictional effect of the earth's surface is not 
effective. 
( Movement is over a very small range of latitude so that sin $ 
may be treated as constant. 


mate ‘geostrophic wind’ (V) fro 

E ctual wind at middle and high 

2a reas free from local topographic 

dm 3000 ft., but not near the ground 
€ balance between the forces. 

In temperate latitudes, meteorologists use scales based on 
equations (1) and (2) to measure, from the spacing of the isobars, 
the geostrophic wind velocity over апу place, separate scales being 
computed for different scales of weather chart and for different 
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m this equation approximates to 
latitudes. It applies particularly 
effects and to levels from 1500 
, where surface friction upsets 
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latitudes. Close isobars show stee 


P pressure gradients and strong 
winds. 


Consider now the geostrophic wind equation V = Gee (1)), 


where f = 20 sin ф (known as the “Coriolis Parameter’). 
Since w is 2x radians in 24 hours or 7:27 x 10% radians per 


second, then f = 20 sin ф = 1:454 X 10% sin ф and has the follow- 
ing values at the various latitudes. 


$ (latitude) | о 10 зо 30 40 50 бо 7o 80 go 


f X 104 sec. | о 0252 0497 0:727 0:935 15114 r259 r366 r492 1:454 


€ are evidently most rapid near the 
Equator and least towards the Poles, 


nd. For a рео- 
; at latitude 10°, the value 
of G is 1 millibar per 280 miles. 


» although the ge 
is a most valuable one in te: 


use in equatorial latitudes, 


Gradient Wind 


A further factor must 
If the air is moving in 
acting radially, and must be compounded with the pressure- 
gradient force to balance the Со 


In an anticyclone, the pressure-gradient force is outward from the 
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centre in th 
е same sense as the centrifugal force, and the equation is: 
С VEND 

| $ И ш ХШ r А . (8) 
Where r is А 
about the EN radius of curvature of the path of a particle of air 
tion, as onl ге of the anticyclone. (Mass does not enter the equa- 

matk y a unit of mass is considered.) 
of the “олон the pressure-gradient forc 

ssion and о] i 

the equation is: pposite to the centr 


e is towards the centre 
ifugal force. Therefore 


Guay: { 
soo mnn sin ф ; " . (4) 
Thes : 
mined a equations are quadratics and from them У 
2 ———À 
ME i -Jr — 24 for an anticyclone * . (5) 


TT rer 
У = 5 К + 22 -Д fora depression . . (6) 


trophic wind equation (1) 
he centrifugal force 


can be deter- 


БОЛАН 
он (3) апа (4) are the geos 
Which is ВИ the inclusion of an expression for t 

i dan ed the *Cyclostrophic Component’. 
both m ARE ce (3) and (4), the value of r is taken as infinite, 
thus appr ions reduce to the geostrophic equation (1); which is 
isobars).. opriate for curves of infinite radii (i.e. for straight 

ШЕ, 

я V found from equations 
Bv UNE and represents the value о 

е істі 
біп $) ее of equations (3) and (4) 
Breat, thi st be examined for low latitudes. If cyc 
» the cyclostrophic term has importance eve 


M. Е сы „== 
The ons of the quadratic are v= a Л= J^ s]. 
so that Vgra. = 


(5) and (6) is termed the 
f wind speed along 


(G/e + У?/7 = 2Vw 
]onic curvature is 
n at latitude 10°, 


The 

T psssurcigradient may be replaced by Veeost. OF 

Пет] 
Б $ 


Then 
increasing] ш gradient wind should appro 
to EE ae ius, the negative solution must b! 
very small radii rotating in the oppo 
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ximate to the geostrophic wind with 
с taken. The discarded root applies 


site sense. 
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z EEs f 
where the gradient wind corresponding to a geostrophic wind o 
15 m.p.h. is: 


12 m.p.h. for a radius of curvature of 500 miles. 
11 m.p.h. for a radius of curvature of 300 miles. 
8 m.p.h. for a radius of curvature of 100 miles. 


The gradient wind equation applies to tropical cyclones even | 


Within the latitudes 10° N. and S. In them the Coriolis force may be 
significant because, although sin ф is small, V is appreciable. The 
ratio of the cyclostrophic term to the Coriolis term, however, is 
usually considerable (Fig. 37, after Byers‘) 


Ratio of Centrifugal 


ati 
to Coriolis force 
40 


бо 80 


100 120 140 160 160 200 
Wind Velocity (mp.h) 
Fic. 37 Ratio of Cyclostrophic to Coriolis Term (After Byers) 
Why is it that the g 
limited use in cyclones, 
region? It appears that t 
not valid at low latitudes, 
that sin ¢ is constant since it varie: 


ф, but let us study the effects of fri 
detail. 


radient wind €quation h 
no general a 
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Frictional Effects 

Ea the earth's surface acts ina direction opposite to the 
term (2Уь C RIS CAUSING: velocity to be diminished. The geostrophic 
(Уу) в "um $) is thus lessened, while the cyclostrophic term 
gradient 2 atly decreased. Great friction may cause the pressure- 
Ee. vum ce to exceed the centrifugal force, and air to cross the 
then NON д the lower pressure. Surface winds may deviate 
deviation i 22080 the geostrophic-wind direction. The amount of 
at low j| eia with the roughness of the ground and is greater 

The ЫЫ, les than at high latitudes. 
direction Е аге mean values for the angle 0 
the isobars: 5%» 4 


between the wind 


Latitude (S) | 
| 


a 


@ | 45° 41 


The eff pe 
€ effect of friction is greater over land than over the sea; and 
he deviation may extend to 


E the country is mountainous t 
cat heights, 

бр снб effect is distinctive in cyclones, which usually fill 
Gen MM from sea to land. If it be assumed that the terms DN 
able ЕМЕ d equation were in balance over the sea, the cons 
a large luction in the cyclostrophic term (V*j7) over land ae allow 
of am influx of low-level air across the isobars under the in пе 
ensu pressure gradient. Rising pressure at the centre of the cyclon 

©з, followed by a reduction of pressure gradient. 


E of Accelerations 
rad assumption that accelerations in the ano А ш ab 
Cquati ed must also be examined in applying the grat E Aue 
strea: on to low latitudes. In temperate an high Ds е, E 
Over ms follow curved paths in systems which do not а, i: ge Шу 
the lo or 24 hours. The accelerations of a parcel of air 10 opin 
slight ow changes of gradient with altering pressure шеш 
сере and usually may be neglected there except toe тар S 
ТАЛЫН or rapidly filling depressions. But at Jow latitudes, о 
uen and winds are slight and, аз it is difficult to саша ће 
атор large alterations may occur without their significance being 
n by the meteorologist. 


Probably the most important gradient 


factor causing changes of 
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is the differential heating of land and water which can produs 
local variations of pressure up to 1 millibar.” Crossley points E 
that a reduction of pressure over land by only 0:5 millibar бис 
diurnal heating when the pressure gradient is 1 millibar in 300 mi E 
can shift the isobar 150 miles. Differential pressure changes 
this small order have a great effect on winds which locally PA 
become strong enough to dominate the flow-pattern at low levels. 
Over the Peninsula of Malaya diurnal heating frequently produces 
an area of low pressure during the early afternoon, causing winds up 
to about 3000 ft. to converge inland. Gradients and accelerations 
are also distinctly affected by the twice-daily variation of pressure, 
with an accompanying variation in the wind. E. 
Low-latitude gradients continually change; the flow of air is 
never steady, so that the assumptions made in formulating the 
gradient-wind equation are not valid there. А new equation 1$ 
needed for gradient wind in the equatorial region, but the problem 
is complex owing to the many variables involved, and no solution 
has yet been found simple enough to be practical. Specialised studies 
of the problem have been made, the most notable being that of 
Grimes,‘ which has been modified by Crossley.‘ 


Movement of Air Across the Equator 

Grimes takes as his assumptions for analysing air movement that 
the motion is a steady horizontal flow independent of longitude; 
and that the air involved has constant density without influence of 
frictional forces, 


and taking specific initial values 
tream-lines for air-flow between 


out that by restricting the study 
tant density (i.e. to non-divergent 
and non-convergent motion), the solutions have little value because 
divergence and Convergence are too important to be ignored. 
Crossley” shows examples of stream-lines in relation to isobaric 
patterns (Fig. 38). They deviate greatly from the isobars. In the 
first case the wind direction is initially geostrophic, but, after cross- 
ing the Equator, the stream-lines make а large angle with the isobars- 


At a remoter latitude, the wind direction returns to the geostrophic- 
In the second case there 


z is a trough at the Equator to which the 

isobars are parallel. The air moves in a straight path across the 

trough, and then curves round into the higher pressure. Thus air 

flowing from one hemisphere to the other may pass completely 
78 
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5X 
ya Po 
2% 

aS Bi Isob 

----------- &,____Isobar____p,- 
Sg f5-0:4 mb. 
re 

555 ES 

` 
5° 10 ҒЫ S Po 


Relative Longitude 


Po 


ВЕН ТЕР 20° 15° 10° 5° 
Relative Longitude 


Fic, 38 Stream-lines and Isobars (After Crossley) 


In each case the wind at Lat. 5° 5. is S.E. боо cm.[sec- 


across 

t : 2 а : 
also а rs equatorial low-pressure trough. In his third case there is 
: ugh along the Equator, with winds which, initially at а 


wide 
angle to the isobars, rapidly become geostrophic. 


2. Isallobars 
altering, the changes 


Wh 
en 2 г H B "n 
a pressure distribution is moving OF 
rs—lines of equal pressure- 
ns resemble 


ma 

nr косса by drawing *isalloba! 1 

isobaric ver a period (Fig. 39). Isallobaric patter 

rise or Pre forming in closed curves around areas of greatest 

ISObaric q ei pressure. When an isallobaric low occurs near an 

latter epression, the movement and possible deepening of the 
may be determined from the intensity and relative position 
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of the isallobaric low. 
predicted similarly. 


At low latitudes, pressures are greatly influenced by: 


The changes and movements of highs may be 


(т) The semi-diurnal pressure variation. 


(2) А diurnal variation arising from insolation contrasts (which 
are greater over land than over sea). 


(3) Reducing pressure at a high-level station to its sea-level 
equivalent. 


Hence, isallobars are drawn only for periods of 24 hours beginning 
soon after dawn. They rarely show movements of the shallow 


equatorial highs and lows, but they indicate intensification or 
collapse of these systems. 


The movements of cyclones ma 
by using a displacement formul 
extrapolation, allowance must 


y be calculated from the isallobars 


r any acceleration or 
an inspection of the 


n in Fig. 40 (after 
) and distance from 
bscissa (OX). 

* 'Two axes are chosen intersecting near the centre of the cyclone, and the unit 
of length of these axes is chosen to be as great as possible but contained in the 
cyclonic system, 


The component of motion along each of the axes may be expressed as: 


б 1 Та — T» ) 
и О 


where T® and pO 


arc the 24-hour pressure tendency and the barometric pressure 
at a fixed distance along the axis ah 


AEA ES ead of the pressure centre; , 
and f . are the values of these elements at а point along the axis at 
the same distance behind the centre; 
£'? is the pressure at the ce 
S' is the distance travelle 
twenty-four hours, expr 


ency Profiles by permission from Synoptic and 


ers, copyright 1937; McGraw-Hill, New York: 
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Fic. 39 Isallobars 


Rising jt 


réssures 


TM 


Ketardation and increasing strength 


i. 


strength 


ii 


Acceleration and decreasing 


EM 


Constant velocity and unifo 


Deepening cyclones 


Е 
rm strength 
Fic. 40 Tendency Profiles for Cyclones (After Byers) 


Е.үү.—7 8r 


Filling cyclones 
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3. Winds at Higher Levels 


If there are two distinct regions of equal pressure in the atmo- 


sphere, the ratio of the fall of pressure with height in one region to 
that in the other region varies inversely to the ratio of their tem- 
peratures.* Where temperatures are high, pressure falls off slowly, 
and where temperatures are low, the pressure-change with height 
is rapid. 

Consider a cross section 


of the atmosphere along a meridian 
about middle latitudes of 


the Northern Hemisphere (Fig. 41)- 


Cold ic 


Warm Cold Ру-х 


B-1 
Pa-1 Pa 


Fic. 41 Maintenance of Westerlies Fic. 42 Westerlies Above Easterlies 
at Upper Levels 


— 2, etc., denote the pressure 
сззиге in this example is lower 
wind, under geostrophic control, 
à we: from the reader). 'T'he air to the 
equatorial side will generally be 


ickly with height poleward but 
more slowly equatorward. Thus pressure at upper levels is still 
higher on the equator; he north-south gradient of pres- 
1 г levels аге still westerlies, and 
(under geostrophic control) they increase with height in proportion 
to the increasing press ient, amply illustrated in the *Roaring 


Ap ТӘН 
£ AO x mE їп each region , к } . (8) 
x m 
wher 


P is the pressure; 

m is the gram-molecular weight of air; 
g 15 the gravitational constant; 

В is the universal gas constant; 

Tm is the mean temperature of the air, 
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Forties’, where westerlies at the surface invariably increase their 
Speed and maintain their direction at upper levels. 

"Take the case along a meridian in the Northern Hemisphere, when 
surface pressure is lower to the south than to the north (Fig. 42). 
In this case the surface wind will be blowing easterly (towards 
the reader). As the air is warmer on the equatorial side than on the 
polar side, pressure will fall off more quickly with height in the 
north than in the south, a fall which will continue until, at some 
upper level ((P, — х) in the example), pressure between the two 
regions will be equalised. Up to this level of zero pressure gradient 
the easterlies must slowly decrease without necessarily changing 
direction. Farther above the level of equalised pressure, pressure 
decreases still more to the north than to the south, so that eventually 
à new gradient of pressure is built up with lowest pressures to the 
north. Winds at these upper levels, under geostrophic control, will 
be westerlies, and their strength will increase with height согге- 
sponding to the increasing horizontal pressure gradient. 

, Conditions in the Southern Hemisphere may be investigated 
Similarly. In both hemispheres westerly winds increase with height 
up to the base of the stratosphere, and easterlies decrease with | 
height, to be replaced at higher levels by increasing westerlies. 
There are exceptions in either hemisphere, when, for short periods 
and over limited areas, moving masses of air may upset the normal 
temperature distribution so that the temperature gradient may be 
oriented in a direction other than north-south, and the upper 
winds come not from the west but perhaps from northwesterly or 
Southwesterly directions. 

This shows that to determine t 
component must be applied to the geostrophic 
ponent (the ‘Thermal " Component *), depends on temperature- 
distribution. Its direction is along the isotherms with low tempera- 
ture on the left in the Northern Hemisphere, and on the right in the 
Southern Hemisphere. 

'To examine the upper flow 
atmosphere with north-sout 


he wind at upper levels another 
wind. This com- 


at low latitudes, a cross-section of the 
h orientation across the Equator is 


* The thermal component in any layer of the atmosphere may be calculated 
from pressure and temperature data, or obtained from a pilot-balloon ascent by 
plotting vectors for the wind of each level. For example, in Fig. 43 vectors are 
drawn from the common origin, O, to represent the wind in direction and speed 
at various levels. Then, the difference of velocity between any two levels, say 
between 3000 and 10,000 ft., is represented by the shear vector AB. This shear is 
due to the thermal component, being in the direction of the isotherms of mean 
temperature within the layer and of length proportional to the horizontal gradient 


of mean temperature through the layer. 
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3000' 2 
A 10,000 
1000" В 


Gr. 
West East 
Fic. 43 The Thermal Component 


Surface 140° 5 m.p.h.; 1,000 ft. 180° 
10 m.p.h.; 3,000 ft. 210° 15 m.p.h.; 
10,000 ft. 230? 20 m.p.h. 


Equator are from the northeast in th: 
from the southeast in the Southern 


equivalent to (P, — x), 


shown (Fig. 44). Mean pres- 
sures are high both north and 
south of the equatorial belt, 
illustrated by the concavity of 
isobar P,. Mean temperatures 
are lower both to the north 
and south, so that the rate of 
fall of pressure with height 1s 
least at the Equator. Therefore, 
at some upper level ((Р, — x) 
in Fig. 44), a zero horizontal 
pressure gradient is met. Mean 
low-level winds near the 
е Northern Hemisphere, and 
Hemisphere; at the altitude 


the pressure gradient becomes zero and 


convergence of northeasterlies and southeasterlies ceases. 


At high levels the horizontal 


upper-air divergence var 
the seasonal horizontal 
the air-stream patterns 
Chapters I and ХТ. 

(2) Monsoonal effects 
flow to control wind dir 
tions to high altitudes. 

(3) The horizontal north- 
south pressure gradient at 
low levels may be so great 
that the resultant inflow is 
strong, causing the north- 
easterlies and southeasterlies М 
of the surface to persist to 
the base of the stratosphere. 


ес- 


pressure gradient is reversed so that 


© trough follows the ecliptic (path of the 
ocation of the low- 


ies with the season 
flow at the Equator 
at the surface and 


level convergence and 
з. Idealised patterns of 
in Fig. 45 are similar to 
at 30,000 ft., shown in 


may at times create а sufficiently strong 


Warm Р.-х Cold 
fA-1 
Pa 6 


Lat o° 


Fic. 44 Pressure Profiles above the Equator 
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Equinox Northern Summer Southern Summer 


High Level Equator 


112522 


Fic. 45 Movement of Air across the Equator 


Low Level 


А As 


Thus, though it is difficult to lay down rules for the upper flow 
at low latitudes, it is possible to interpret the day-by-day changes 
of flow in terms of the general principle modified by these 
influences. 


Upper-air Charts 


Upper-air charts are gaining popularity with meteorologists of 
temperate latitudes. Using them is based on the conception that 
major disturbances in the westerlies of the lower atmosphere are 
related to disturbances at upper levels of about 10,000 ft. The 
charts show isobars and isotherms drawn for the 10,000-ft. level 
(and for others) from radio-sonde and aircraft reports. Alternatively, 
the charts are made at particular isobaric levels (such as 750 and 
500 millibars) and on them are traced lines joining places of equal 
height. The two methods are similar, and the same arguments apply 
to both. 

А study of the 10,000-ft. chart for the temperate-latitude wester- 
lies discloses that the isobars form into systems of waves involving 
troughs and ridges, which are either stationary or moving down the 
stream (Fig. 46). 

For a stream running from wes 
perturbation moving latitudinally, 
expressed? 5° by the formula: 


t to east and containing a wave 
the velocity of the wave may be 


2 
C= vE gos : + а . (9) 
where U is the horizontal velocity of the particle in the undisturbed 
state; 
L is the wave-length; 
B is the rate of change of the Coriolis 
latitude northward. 


Parameter with increasing 
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From this equation it may be seen that: 
2" 
(1) If C is positive (v > К) the wave will move to the cast. 
4T 


(2) If С is zero, the wave remains stationary with air flowing 
through it along the isobars. 


име — If the stream in an undis- 
turbed state is flowing latitudin- 
Lip ucc ally, the isotherms also lie along 


the parallels. On the introduc- 

H H H tion of a wave disturbance into 

Fic. 46 Wave-disturbance in the the stream, any changes of 
Westerlies 


temperature at a point may be 
" considered due (if vertical 
motions are ignored) to the motion of the air particles along thc 


isotherms. Under those circumstances it can be demonstrated 
mathematically» 5 that the relation between the amplitude of the 
isobars Ap and the amplitude of the isotherms A; is: 


А, U 
аео c 00 00 09 


where U and С have the same meaning as before. 
_ From this equation it may be seen that the ratio Ау/Аь may be 
either positive or negative, and the negative values denote that the 


deformation of the isotherms is 180? out of phase with the defor- 
mation of the isobars. 


Various cases which may arise can be investigated in the manner 
of Starr.5t 


(1) If C = 0, isobars and isotherms coincide (Fig. 47a). In 


other words, if the wave is stationary, the isotherms lie along the 
stream-lines. 


‚ (2) When G в positive but less than U, the ratio Аз/Аь is posi- 
tive and greater than unity. Then the amplitude of the isotherms 3s 


сш ее of the isobars, but they are in the same 
phase. This is the case of a i A cit 
(Fig. 478). wave moving with moderate velocity 


(3) When C is positive but greater than U, the ratio is negative 
and the amplitude of the isotherms is greater than that of the 
isobars. Thus in a fast-moving wave troughs are warm and ridges 
are comparatively cold (Fig. 47c). 
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(4), If C is small and negative, the ratio Ay/Ap is less than unity. 
This is the case of a wave moving in a direction opposite to that of 
the stream, and then isotherms have less amplitude than the isobars, 
though both are in the same phase (Fig. 474). 


її 
Oa ->~ 
KO Hos 
ee ==> we 7, N 
WA TN 
ЖОХ у 509 
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Ит, 
755 
/ \ 
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(с) (а) 
Fic. 47 Types of Waves in the Westerlies 


(b) Wave moving with moderate velocity 
(d) Wave moving slowly in direction contrary 
to stream-line flow e 


(a) Stationary wave 
(c) Fast-moving wave 


The theories outlined here also apply to the broad easterly 
streams of the tropical and equatorial regions. Riehl“ has enlarged 
on the principles and produced examples of ‘easterly waves’ moving 
westward in the Caribbean Sea and the Gulf of Mexico. Further 
examples are afforded by Vuorela, who describes seven such dis- 
turbances moving westward over the tropical Atlantic Ocean 
during a period of nine weeks. Riehl investigated the location of 
convergence and divergence with respect to easterly waves by 
quoting Rossby’s® Vorticity Equation as follows: 


Jat = Constant . : ò . (11) 
D 


where f is the Coriolis Parameter, t is the relative vorticity (or spin) 
of a system of air particles with respect to the carth, considered 
positive for cyclonic vorticity, and D is the pressure difference 
between the top and the bottom of the layer. 

Suppose that a particle begins to move from А to B along the 
stream-lines of Fig. 48 (Northern Hemisphere). As the particle às 
moving northward initially, f must increase. If D were to remain 
constant, 5 would have to become smaller and smaller and eventu- 


ally negative in order to maintain the balance specified by iri = 


Constant. 
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b This means that the par- 

H H ticle must develop anti- 
cyclonic curvature, but Fig. 

£ В E 48 shows that the particle 


actually develops cyclonic 

„Э UK. A curvature. Therefore the 
premise that D remains con- 

о stant cannot be correct and, 


: iL : if both f and С are increas- 
С а ing, D must also increase 
Fic. 48 Wave in the Easterlies 


and there is convergence in 


the region between aa’ and 
bb’. To the west of bb’, on the other hand, f is decreasing and С is 


decreasing as its sign changes from positive to negative (from 
cyclonic to anticyclonic curvature). Hence D also must decrease 
and there is divergence between bb’ and cc’. 

The sequence of weather may be deduced from these theoretical 
considerations—fair conditions precede the trough, increasing 
cloud and perhaps precipitation follow the passing of the crest. 
Given a sufficiently good network of pilot-balloon stations for 
correctly drawing stream-lines, and given sufficient radio-sonde 
coverage to permit the drawing of isotherms, it should be possible to 
gauge the speed of the wave. Having estimated it and knowing the 
weather usually associated with a wave, weather changes may be 


predicted for places in its path. Owing to lack of observational 
material, it is not 


j possible to apply these principles in the region of 
Southeast Asia. The surges of the Indian Southwest Monsoon and 
of the Northeast Monsoon in the China Sea are similar to easterly 


waves, but no record is known of a persistent travelling wave there. 
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СНАРТЕВ ҮШ 
Air-stream Analysis 


The identification of currents of air from different sources by 
comparison of their temperature and moisture structures is rarely 
possible at low latitudes because all streams have such similar 
properties. Therefore а stream-line analysis is employed by which 
identification is made from reports of wind at various levels. 


1. Air-mass Analysis 

An air mass is a body of air with almost homogencous properties 
Covering an area of some thousands of square miles. ТҺе properties 
may either be similar throughout the mass or vary only gradually 
across it. 

The temperature and humidity of the air mass are established by 
(1) a source region, and (2) transformations during travel. 

The term ‘source’ is a relative conception, because air is in con- 
stant motion either horizontally or vertically, and nearly all regions 
could at some time be considered ‘sources’. In general, polar regions 
and cold continents in winter are ‘cold sources’, and the tropics 
and warm continents in summer are ‘warm sources’. Siberia may 
be considered as an air-mass source, because the outflow from an 
anticyclone centred there constitutes the winter monsoon of 
China. 

The transformation of an air mas 
traversed and the time of travel. A rapid flow from polar to temper- 
ate regions undergoes less change than a slow-moving one, but far 
greater change than do the Trade-winds which, thoughslow-moving, 
flow latitudinally across regions of similar temperature. 

Air masses are classified according to their sources or indirectly 
according to latitude and temperature; they may be called either 
‘cold’ and ‘warm’, or ‘polar’ and ‘tropical’ masses. Differentiation 
of air masses takes place at the boundary between two masses, and 
classification then depends on comparing them. 

Its source also affects the moisture content of a mass, and is 
usually described by the secondary divisions ‘Maritime’ and 
‘Continental’ as listed overleaf: 
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Air Masses Symbol on Weather Map 
Tropical Maritime . - at 
"Tropical Continental 5 е 
Polar Maritime 4 5 ES 
Polar Continental Р, 


In general, Tropical Maritime air is warm and very moist, while 1 
Tropical Continental air is warm and dry. Polar Continental air is 
cold and dry, as compared with Polar Maritime air which is cold 
and fairly moist. Most of the air masses in equatorial South-east 
Asia are Tropical Maritime (page 91). 

Transformations of an air mass during its travel may be con- 
siderable. The suffixes ‘Maritime’ and ‘Continental’ may denote 
the modifications undergone after air has left its source, or the prefix 
N may denote a modified current (e.g. Modified Tropical Maritime 
Air_NT,,). The most important changes occurring in a mass are 
due to ground temperature in the region being traversed. Moisture 
content, at least in the lowest layers, is changed according as the 
surface over which it travels is land or sea. If the air is travelling 
over a warmer surface, the air temperature is increased in the lowest 


layer, whose capacity to hold moisture is thereby increased. 
Whether or not the moisture actually increases depends on the 
available supply. 


The warming of air in its lowest layer during travel to warmer 
latitudes has other important effects, stcepening lapse-rates and 
setting up instability. Air masses which enter the tropics attain 
lapse-rates exceeding the saturated adiabatic, and in many cases 
approaching the dry adiabatic. Lapses in excess of the latter, how- 


ever, do not occur on a large scale because the high degree of 


instability tends to adjust the structure to a smaller lapse-rate 
through the interchange of air 


n the between layers by vertical currents. 

Cooling in the lower layers of masses moving from tropical 
regions decreases their capacity to contain moisture and decreases 
or inverts the lapse-rate. Thu: 


t à s air of tropical origin entering tem- 
perate regions is notably stable. 


| regionis Surface cooling makes relative 
humidities high in the lowest layer, but as vertical currents аге 
restricted by stability, the moisture distribution aloft is a function 
of the source region ra 


rather than the region being traversed. 
In temperate regions, 


r identifying air masses by comparing their 
properties of surface temperature, dew-point and lapse rate can be 
done with accuracy. This is not practic: 


n ласу. able in the equatorial region 
owing to the similarity of the masses. 


90 


AIR-STREAM ANALYSIS 


2. Air Streams 


The air masses which enter the equatorial portion of Southeast 
Asia have varied sources in both hemispheres. They are mainly 
maritime, being drawn from the western Pacific and from the Indian 
Ocean, but two continents also supply air to the region—Northeast 
Asia and Australia. A further source of less importance is Borneo,” 
where small, shallow anticyclones may become stationary long 
enough to be separate entities. In general, air may flow into South- 
east Asia from any direction other than the north, and each 
direction is linked to seasonal changes. Currents from the north 
rarely enter the region because, although an extensive source exists 
in the Siberian High of the northern winter, the mountainous 

к country of the Himalayas, of Burma and northern Thailand hinders 
a direct outflow of this air southward. 

Air from the northeast may have a direct track through the China 
Sea or, as in the Northeast Trades from the Northwest Pacific, have 
a long passage across the waters surrounding the Philippines and 
the South China Sea. In both, the passage is across seas where 
temperature varies little other than the gradual latitudinal increase, 
and air temperatures in the lower layers tend towards those of the 
sea surface. Water evaporated from the surface while travelling 
over the sea increases the moisture content of the lower air, and 


dew points slowly rise. 
Currents of air from the east to so 


Winds of the Southwest Pacific—are та! 
Their route is nearly latitudinal across a wide expanse of tropical 


Ocean: they become nearly saturated and, when entering the 
equatorial region, temperatures in their lowest layers are close to 


those of the sea. 
Air from directions south of southeast sometimes approaches 


with a direct track from the Australian continent, as an outflow 
from a winter anticyclone centred there. Thus, to a slight extent, 
Australia may be considered a source region of air for Southeast 
Asia. But, even during winter, there is no permanent anticyclone 
over Australia persisting as long as those of Siberia. Palmer 
has shown that the Australian region is crossed regularly by 
disturbances and migratory anticyclones. Moving from the west, 
these are composed of modified polar maritime air of Southern 
Indian Ocean origin, and hence are fairly moist initially. The air 
outflowing northward from an anticyclone temporarily covering 
Australia will have a humidity lowered by heating over Northern 
Australia, and perhaps by deposition in orographic rainfall on the 


utheast—the Southeast Trade 
ritime by origin and travel. 
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Victorian and New South Wales coasts. At low levels, this south- 
easterly stream may be warm and reasonably dry on entering the 
Indies: yet, to reach Equatorial Southeast Asia, it must cross one 
thousand miles of tropical sea, evaporation from which raises the 
dew-point almost to the air temperature, which in turn is governs 
by sea temperature. Therefore, despite its origin as a comparatively 
dry current from Northern Australia, it reaches Equatorial South- 
east Asia as a warm moist current. 

Air from the south does not enter the Malayan area. During the 
northern winter it is precluded by the Northeast Monsoon which 
blows farther south than Java. During the northern summer, 
conditions appear to favour air crossing the Equator from the south, 
but this is prevented by the breadth of the Indian Southwest Mon- 
soon and by the persistence of the Southwest Pacific Trades across 
the Indies. Air travelling northwards along the West Australian 
coast is diverted counter-clockwise about the anticyclone lying to 
the west. Later, far out in the western Indian Ocean, it veers west 
on crossing the Equator’ to join the Southwest Monsoon, losing all 


polar properties by the prolonged increase of heat and moisture. 


Streams to Southeast Asia from the northwest to southwest, 


including the Southwest Monsoon, all have a long sea-track over 
the Indian Ocean, which makes them warm and moist. 

During the northern winter, an anticyclone of varying intensity 
centres over India. A northerly outflow of warm, fairly dry air from 
its northeastern sector crosses the northern Indian Ocean: this air 
turns clockwise to northeasterly by latitude 10° N., crossing Ceylon 
as part of the anticyclonic circulation, A temporary intensification 
of the anticyclone may extend the flow as north-northwesterlies to 
reach northern Malaya, though its track over the sea has consider- 
able effect in raising dew-points and temperatures. Intrusions of 


these Indian northwesterlies rarely pass south of 5° N. over the 
Malayan region because, 


at this season, the Northeast Monsoon 
is strong and unbroken. 

In general, air streams (T,,) entering Equatorial Southeast Asia 
are warm and moist in the lower layers, although three may contain 
less moisture than others, These three are (1) southeasterlies out- 
flowing from a migratory anticyclone over Australia; (2) Northeast 
Monsoon air of short track; and (3) Indian north-northwesterlies 
from the winter high. 


Attempts by equatorial meteorologists to identify these air masses 
by surface properties have been disappointing, The three drier 
Streams are not sufficiently dry to distinguish them and, although 
separate origins are clear from the orientations of the wind streams; 
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their surface temperatures and dew-points are similar, and diurnal 
and local variations in them are so great that they mask any slight 
differences. 

Identification may be sought in the upper air where free from 
surface effects, as an air mass may be expected to retain aloft 
Properties related to the source region. One serious disadvantage 
arises: all the masses have entered the region from cooler to warmer 
latitudes, causing their structure to tend to instability, absolute or 
ee nah and preventing identification by comparing lapse- 
rates. 

The tendency to instability raises another difficulty. Suppose the 
moist air is conditionally unstable; a particle being disturbed up- 
wards will cool at the saturated adiabatic rate. Because the atmo- 
sphere is unstable for rising moist air, there is at no level a natural 
stay to convection. Consequently, the high moisture content 
spreads to great heights, and even masses of continental origin will 
receive increases in their moisture content aloft, which tend to pre- 
vent identification of them as separate masses. 

John’ has analysed a series of upper-air observations at Singapore 
from December 1946 to July 1948 in an endeavour to identify 
alr masses by their structure. The problem may be seen by con- 
sidering the mean monthly tephigrams for January and July in 
Chapter III. Each of these represents a different stream. In January 
the Northeast Monsoon is well established, and there are no great 
fluctuations in its direction. In July the Southwest Monsoon is 
established and its direction fairly constant. Comparison of the two 
tephigrams will show that, despite their different origin, no very 
marked dissimilarities are evident in the upper-air structure. 
Changes of air stream from day to day usually consist of very slight 
alterations in the direction of flow, so that the likelihood of identify- 
ing them in the temperature-moisture structure is small. 

John decided that air streams are not identifiable from lapse- 
rates, and he described the properties of all the streams affecting 
Singapore in the following general terms: 

(1) Up to the altitude of 500 millibars, 
than the dry adiabatic but greater than the s 

(2) In the lowest layers, the lapse-rates are sm 


less than the saturated adiabatic lapse-rate. 
(3) Inversions seem to be entirely absent, but there is a tendency 


for an isothermal layer from 1000 to 959 millibars in March and 


April, when nocturnal radiation is effective. 
He classifies the streams affecting Equatorial Southeast Asia 


from a consideration of their trajectories (Fig. 49). The classification 
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is similar to that described earlier in this chapter, but varies in 


specifying the source by a suffix; e.g. Modified Tropical Australian 
--МТ,. The classification is as follows: - 


4 Source and 
Latitude | Nature Symbol Mohan Remarks 
Із, Northeast and | Reaches Malaya only after 
Central modification 
Siberia 
NP, {land} Modified over | Seldom reaches Malaya with- 
China and out further modification 
- Indo-China over the sea 
a 
Polar 5 МР, {coldsea} | Modified over | Reaches Malaya as a burst of 
E SeaofJapan,| Һе Northeast Monsoon in 
8 Yellow Sea, | late December and in 
South China January 
Sea 


NP, (warm sea) | Modified over Reaches Malaya with pro- 


West Pacific perties similar to Typ as а 
and South component of the North- 
China Seas cast Monsoon 
NT, NT, North India, | Reaches Malaya as upper 
E Tibet Westerlies during the 
5 Northeast Monsoon 
"Tropical & NT ! 
Е ^ Australia Reaches Malaya as souther- | 
© lies, during the Southwest 
Monsoon and may be con- А 
fused with subsided Ты ү! 
Typ North Pacific Reaches Malaya as an ex- E 
tension of the Northeast 4 
Trades during the North- |. 
east Monsoon 
o 
x Ё Js South Indian | Reaches Malaya as an ex- 
Tropical Е Осеап tension of the Southeast 
z Trades during the South- 
west Monsoon 
NT, (equator) | South Pacific 


Reaches Malaya as easterlies 
modified along the equator 
м 
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Horizontal Air-stream Analysis 


The methods of air-mass analysis used in temperate latitudes are 
not at present applicable to equatorial regions, where another 
technique has been developed. The source regions of the air masses 
are fairly well-known and, ignoring fine distinctions which may 
represent only subdivisions of the main air streams, generally not 
more than three streams are present in the region at the same time. 
Thus, given a good network of upper-wind reports, the flow in each 
Stream may be traced from the source to the Equator and even into 
the other hemisphere. (Examples applying this technique are in 
Chapter XII.) Recognition and tracing of the streams are facilitated 
by the few streams involved in equatorial latitudes. 

_ Tracing the streams from source is implicit in temperate latitude 
air-mass analysis, but the equatorial analyst discards all the other 
methods of temperate air-mass analysis so that his is aptly described 
аз 'Air-stream Analysis’. Upper-wind observations from a number 
ei stations and from aircraft are plotted on maps, each giving con- 
ditions at one selected level for one reporting hour. Stream-lines 
are sketched in the direction of flow and spaced inversely propor- 


Streams Affecting Malaya (After John) 
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iti ; tron 
tional to wind speed on a scale suiting the map;* e.g. for strong 


i hin 
winds the stream-lines are close together. Considerable smoothing 


i f an 
is necessary for the finished stream-lines, and an example o 
analysed stream-line chart is shown in Fig. 50. 


Vo 


Fic. 50 Stream-line Drawing 


The correct dray 
previous knowle 
them follows th 

(1) Parallel stream- 


а 5 ; d 
lines requires experience са 
treams prevailing. Interpreting 


(4) Wher 
thou; 
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(5) Where the spacing between the stream-lines narrows, wind 
directions indicate convergence, though the increasing speeds 
indicate divergence with small net effects. 

Where there is a good network of upper-wind observations, these 
rules are sound in application, making it possible to forecast cloud 
development following the recognition of areas of convergence and 
divergence within a stream. But where the network of upper-wind 
Observations is sparse, the meteorologist may be compelled to draw 
smoothed stream-lines regardless of spacing. Estimates of conver- 
gence and divergence within a stream may not then be reliable, yet 
the streams are sufficiently indicated so that, where two mect, 
identifying them is possible from their previous history. 


3. Air-stream Boundaries 


The line separating two streams of similar properties in equatorial 
regions might well be known as an *Air-stream Boundary’. It is 
analogous to the ‘Air-mass Boundary’ of temperate latitudes, but 
the latter implies, from theoretical background and from usage, 
the existence of identifiably different properties in the two streams. 
Such differences do not exist near the Equator other than in the 
directions, so that the boundary is evident on the upper-air charts 
solely from the meeting of the air streams. 

As the geostrophic equation does not apply close to the Equator, 
two streams do not necessarily shear in a cyclonic sense, and the 
streams often turn to become asymptotic to their boundary. The 
practice in drawing stream-lines is, in the absence of contrary 
observational evidence, to bend the stream-line to approach the 
boundary asymptotically in the same sense as the strongest nearby 
wind observation. 


The Surface Air-stream Boundary 

Surface air-stream boundaries cannot be demarcated as accur- 
ately as those of the upper layers. The analyst attempts to find them 
from the surface winds, but at low latitudes these are greatly in- 
fluenced by local effects. Winds at all levels are frequently light, and 
land breezes and sea breezes may mask the main flow at lower levels. 
This is illustrated in Fig. 51 by hourly surface-wind observations 
taken at Penang on 6th January 1951› at a period when the North- 
east Monsoon could be traced aloft across Malaya and the Straits of 


Malacca. 
Over the oceans, surface-wind 
islands may be considered suffici 
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Fic. 51 Surface Winds at Penang 


air stream to mark the 
wind may be accepted 


r cumuliform development, particularly 
when these occur at times of day when conditions are unfavourable 
for convection, 

(2) Takin 


g the boundary at some lowupper-level 
for instance) 


(1000 to 3000 ft., 
and assuming that the surface boun 
below this, 


dary is vertically 


ment of part of th 
below the cloud base. 
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Whether or not the cloud development (and thus the surface air- 
stream boundary) may be represented by a line on the chart is 
disputed, and some writers prefer to treat development as scattered 
within a zone. It is practical to consider the line as the nearest 
approximation to the surface air-stream boundary, and as denoting 
à mean position to which the boundary tends to return after any 
distortion. It represents the mean convergence position of the two 
streams, and consequently of maximum cloud development. 

Considering the surface boundary to be in a vertical plane with 
the boundaty at a slightly higher level introduces an error, because 
the surface through the boundaries at various levels frequently 
slopes. If it is correct that major cloud development is usually 
above the surface boundary, the method gives a reasonable approxi- 
mation, because Mather® has shown that the location of maximum 
precipitation correlates with the position of the air-stream boundary 
at the 3000-ft. level. 

Opinions differ about placing the surface boundary in the iso- 
baric trough, and there are good arguments for and against the 
method. Of about seven hundred charts examined during 1948 and 
1949, none showed an air-stream boundary coinciding with a region 
of high pressure, and in each case a trough could conveniently be 
drawn without undue distortion of the 1-millibar isobars, along the 
line of the surface air-stream boundary as located by air-stream 
analysis. 

The air-stream boundary of the surface synoptic chart then, 
though fundamentally for demarcating the junction of the surface 
Streams, is difficult to determine because some sections of it are 
located by cloud and precipitation, others by winds above the 
ground level, some by the pressure trough and many by а com- 
bination of these signs. 


Moving Air-stream Boundaries 

The boundaries at the various levels are determined in the first 
place by discontinuities in the stream-lines at а particular time (the 
instantaneous stream-lines). This method alone is not always 
reliable and, to achieve continuity from one day’s weather chart to 
the next, the trajectories in each stream over a period must be con- 
sidered. Consider first the stationary boundary in Fig. 524. Sup- 
pose it undergoes a horizontal displacement in a direction transverse 
to its length. From the time of the displacement the air ahead of the : 
displacement must retreat, and typical trajectories will be as in 
Fig. 52b. ) 

If an analysis of the instantaneous stream-lines had been made 
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ent hemispheres—to which there 28 
- There is never а t ir-mass discontinuity or front 
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oundaries, Three streams аг 


: ‘boundary Б 
hemispheres (or Intertropical Front), an 

at the same tme an active convergence line 
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Intertropical Front’. Crossley” avoids the term and writes of the 
Intertropical Convergence Zone’. 

It is best to abandon the use of the term ‘Intertropical Front’ 
between latitudes 10° N. and 10° S. and to replace it by the expres- 
sion ‘Equatorial Air-stream Boundaries’. Outside these latitudes, 
however, the term is permissible because contrasts may occur in the 
vertical structures and rarely more than two streams are involved. 
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CHAPTER IX 


- Slope of Air-stream Boundaries 


In this chapter the mathematical aspect of air-stream boundaries 
Will be examined. 
1. The Equation of Slope 


The angle of inclination (Fig. 53) of a surface of discontinuity 
between two air currents о 


f different temperatures and velocities 
may be expressed"! as: 
tee 2c sin ф(и, T, — u Ty) "MO 
4(1:-- T)-*29'cos $ cos (а, T, — и, T) 


where а is the angle of slope of the sur! 


w the angular velocity of the ea: 
¢ the latitude; 
5 the gravitational constant; 


B the angle between the intersection of the surface with the 
ground, and the east-west line; 

Т, and Т, 
section; 


face of discontinuity; 
rth; 


2 are the temperatures on each side of the inter- 


щ and u, are the velocities in each current parallel to the 
ноа % 
"The assumptions in 

are (1) that differenc 
are solely due to а 
temperature, 
is steady hori 
former is und, 
the effect of 
outweigh ot! 
density. Th 
application 


this formula 
es in density 
ifferences in 
and (ii) that there 
zontal motion. The 
erstandable because 
temperature should 
her factors affecting W- 
€ latter narrows the ЖЕ 
9f the equation be- 
ze of accelerations at 
SS has not yet been Fic. 53 Slope of Surface of 
У Investigated. Discontinuity 


satisfactoril 


102 


SLOPE ОЕ AIR-STREAM BOUNDARIES 


When there is No Temperature Difference 


The temperature difference between two equatorial streams is 
very small,’ and if it is treated as nil, equation (1) may be simplified 
to show the slope for a surface of discontinuity in velocity alone 
(i.e. when ra te 


tan 
tana — $ ә 5 А . (2) 
. соз В 
, Thus for surfaces of discontinuity running in an east-west 
direction, when В = о, 
а--ф. 1 р с ‚ (С) 


Thus when a surface of discontinuity is oriented east-west and there 
is no difference of temperature, the angle of slope of the surface of 
discontinuity equals the latitude. For example, at the Equator, 
slopes will be horizontal: at 5° М. and 5° S. they will be 1 in g, and 
at 10° N. and ro? S. 1 in 6. 

When the surface of discontinuity is oriented north-south, 
В = 90°, and cos В = о, so that for finite values of ¢ slope is vertical. 
At the Equator the value of a becomes indeterminate, both tan ф 
and cos В being zero. 

Thus, if the discontinuity is one of velocity alone, slopes may vary 
from vertical to horizontal, and small variations in orientation or 
in latitude produce large variations in slope. John* has discovered 
no appreciable differences of temperature between currents at low 
latitudes, yet probably small real differences do exist since the air- 
craft reports used by John are rarely accurate to within 1° F., and 
larger errors must occur. For that reason it is necessary to examine 
the formula for slope when small temperature differences exist each 
Side of the discontinuity. 


When there is a Temperature Difference of 1° F. or Less Г 
gules’ Equation, 1.6. 


Equation (r) is frequently stated as Маг 


2% sing Т(ш — из) | ч . (4) 
tan а = pP EE UIDES d 
"This is obtained: es are similar and that no 


(a) By assuming that the temperatur! A 
great dir is mee need py substituting T(u, — иа) for Coe Т 
ШТ), where T is the mean of the temperatures: the «р wie 
reasonable because at low latitudes, temperatures are of the $ 
order. 
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(5) By discarding the second term in the denominator 2 ue 
tion (1) as negligible relative to the first. This is justifiable d оо 
if the discontinuity lies in à north-south direction, then В = zn 
and cos В = o, so that 2w cos $ cos (uT, — u/T,) is zero for 2 
latitudes. Ad 

On the other hand, if the slope is oriented east-west, B = cea 
cos В = т. Then, assuming a mean temperature of 75° Е. (296:9* A); 
the second term 2% сов $ cos B. T(u, 


latitude (4 = 1 to 10) and various values of wind shear ((u, — uy) = 
t to 15 m.p.h.) becomes as in this table: 


1-ші | фт Ф-5 ф-то 


I m.p.h, 1-9 r9 r9 
5 » 9:6 9:6 9:5 
IO 19:3 19:2 19:0 
ТО: 28:9 28:8 28:5 


» DI. жез > 31590 
» » BUG 5 Б БӨ SEO Ay Bi 


4 € the slope in various е 
Varying values of (ш — ио), assuming a mean 
and a difference of 1° Е. between the temper 


quatorial latitudes for 


Д f 
— и») for various values 0 


SLOPE OF AIR-STREAM BOUNDARIES 


discontinuity at low latitudes. Lacking accurate data on the dimen- 
sions involved, we have first taken the case where both currents are 
en the same temperature. Then slopes vary from vertical (when the 
discontinuity is oriented north-south) to a gentler slope for an 
east-west orientation. The gentler slopes range from horizontal at 
the Equator to 1 in 6 at latitudes 10° N. and S. 
wf the temperature difference is real and not greatly exceeding 
t F., slopes vary greatly but orientation is not important. Within 
e likely range of wind shear at the discontinuity, slopes are all 
gentle and diminish as the shear diminishes. 
n slope of the Northern and Southern Equatorial Air-stream 
age i NUS (two known surfaces of discontinuity in the Malayan- 
a n ue area) were measured” each day between 21st July 1947 
of dis gu July 1948. The observations of slope on both the surfaces 
continuity may be tabulated in order of frequency as follows: 


Slope from Ground to 10,000 te 


Slo Vert. | rin 50 | тт 100 1 in 150 | 1 in 200 І in 250 | 1 in.300 
i По о, io ЖОНО НО, to Nc 
| tin 4g | rin gg | rin 149 | rin 199 | 1 in 249 1 in 299 | 1 in 349 
= а Pv TN ЕЖ 
Хо. of | 
Occasions| 74 ek “ 23 18 2 | 14 
— à zs Tm "USE 
rin 350 | rin 400 | 1 in 450 | rin зоо | rin 550 | гіп боо | Total 
Slope У Е oe to to | and | No. of 
1 in 399 | 1 in 449 | 1 in 499 | 1 in 549 | 1 in 599 Greater | Obs. 
oe . | | 26 
Оссазюпз 17 | 4 9 1 7 5 
SS = SS ae А Lee EADE = Ll 


These slopes, decided on the wind-field, were measured at right 
angles to the ground-level discontinuity. Orientations were dis- 
Tegarded, but were mostly northeast to southwest. Because the 
Observations were few, it was not possible to determine whether 
there was steady horizontal motion, but if Margules’ Equation 1s 
applicable, several interesting comparisons arise. In the first place, 
28 per cent. of the observations fall within the vertical to 1/49 range, 


er XI. The Northern and Southern 


* A descripti Е i t 
escription will be found in Chap Eum IE PCM 


Air-stream Boundaries are sometimes kno 
nvergence Lines. 
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Difference in Wind Speed (MPH) | uoi 
val ! › ў 


a Г) p 3500 
Fic. 54 Computed Slope (Margules) 


possibly accounted for by discontinuity of wind without discoa 
tinuity of temperature; 10 per cent. of the observations have slope ЖН 
1/400 or less, possibly associated with temperature differences o! 
about 1° Е. (Fig. 54)- 


at lat. 5? when (ш — uj) = 5 and T 
Equation (1). 


| Orientation of Discontinuity 


| 
Е 


Type of Discontinui ty 


ре] 
| East-West | North-South 
| 


ЕТЕ == 
Wind аюпе . 2 oat 1/9 Vertical 
4° Е. Temp. Difference || 1/340 1/350 
РЕ. Temp. Difference 1/690 1/700 

| 


SLOPE OF AIR-STREAM BOUNDARIES 


Suns got" оза 2552 (с Ше ср 
1 i 11 1 1 1 


EE Slope to Northwest A ; 
А 
x 


Slope to Southeast 


a 
X 
M 


Slope ground - 10,000* 


Ес. 55 Changes of Slope of a Surface of Discontinuity 


 олугоуса accuracy in measurement may some day disclose such 
Ш temperature differences, but it will be difficult in any case to 
decide whether such differences are of the streams or due to local 
Convection. Discontinuities (‘air-stream boundaries’) are commonly 
саса with convection and, because the mean diurnal surface 
mperature range at equatorial coastal stations is between. 10? and 
15° F., convection must bring about appreciable local changes in 
temperatures at upper levels. 3 
( ШЕ convectional effects can locally influence the temperature dis- 
tribution in the upper air, the slope of a surface of discontinuity 
might be expected to fluctuate haphazardly in size and sense, but 
Observations? do not support the idea. Fig. 55 shows the slopes of 
Опе discontinuity in the Malayan-East Indies arca, measured from 
the wind-field at 0000 hours G.M.T. (0730 Malayan time) each day 
from the roth September to 21st October 1947. At times slope 
fluctuated within a short period, either through convection or 
through errors of measurement. On the other hand, there was some 
regularity in the way the slope changed slowly from onc sense to 
another over longer periods. The differences of temperature (and 
therefore of density) were apparently real and possibly measurable. 


2. Slopes in Equatorial Southeast Asia 
From 46 observations during 1947 and 1948," the mean slope of 
the Northern Equatorial Air-stream Boundary between ground and 
5000 ft. was about т in тоо; over the same period, 44 observations 
showed the mean slope between 5000 and 10,000 ft. to be 1 1n 75: 
The mean of 74 observations between ground and 10,000 ft. gue a 
slope of 1 in 7o. Slopes to altitudes greater than 10,000 ft. were M 
DES usted. but from limited data uou at the time, higher- 
evel slopes appeared to be nearly horizontai. | 
Тһе Ere Sore Pad the ШЫН to 10,000 ft. was nearer vertical 
than in either of the two component layers, though the difference 
lay within the range of observational error. It was partly aa 
by the occurrence of slope reversal with altitude; e.g. on 27t 
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ground to ro;ooo ft. (from 191 
and there were eighteen cases of slope 


Slope of Moving Air-stream Boundaries 
Air-stream boundaries 


а temperate-zone cold front). 
€an slopes were: 

Layer | 0-5000 ft. 5000—10,050 ft, 0-10,000 ft. 
Undercutting and Vertica] З Tin rio Iin 140 1 in 130 
Overriding . . I in 240 1 in 270 1 in 270 


SLOPE OF AIR-STREAM BOUNDARIES 


There was only slight difference of slope between layers when 
movement entailed undercutting, and it appears that surface 
retardation did not appreciably steepen slopes in the lowest layer, 
as occurs in a temperate cold front. Similarly, variations of slope 
Within one layer in cases of overriding were too small to permit 
assuming that lower slopes were flattened. Thus it may be assumed 
that movement does not affect slope in the lowest layer. 

A marked difference existed, throughout the three thickness 
ranges, between slopes of undercutting and those of overriding. 
Excluding cases of near vertical slope, the mean slope of under- 
Cutting between ground and 10,000 ft. was 1 in 210—appreciably 
Sreater than the г in 270 of overriding. It appears, then, that up to 
10,000 ft. the slope of the Equatorial Air-stream Boundaries is 
Steepened by undercutting and reduced by overriding. 

While little information is available concerning the slope of air- 
Stream boundaries in other equatorial regions, the following impli- 
Cations may be drawn from the observations in the Malayan-East 
Indies area: 

(1) Slope of stationary Equatorial Air-stream Boundaries below 
10,000 ft. may lie either side of the vertical, and range from 1 in 70 
to 1 in 240 (about 1? or less to the horizontal). 

(2) Slope above 10,000 ft. is generally nearer t 

(3) Slope of a moving boundary is slightly steep 
10,000 ft., when the movement involves undercutting, 
flattened, when one stream overrides another. 


he horizontal. 
ened up to 
and slightly 
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CHAPTER X 


Cloud Structure on Air-stream Boundaries and 
Convergence Lines 


1 1 4 1 аз ОЁ 
Equatorial Air-stream Boundaries, commonly located in аге 
convergence, 


are associated with vertical air motion which куо 
cloud formation. Aircraft encounter long lines of cumulonimbus 0 
banks of altostratus near the boundaries, a condition тесари 
that оп fronts of temperate latitudes. The cloud-lines are no 
always uniformly spread along the surface air-stream hounded 
but a concentration of cloud is generally found near it, whic 


Б jal 
accounts for the tendency to consider cloud Structures at equatoria 
boundaries as similar 


to those of higher latitudes. The falsity 
of this view can be illustrated by comparing the conditions 
involved. 


1. Cloud Structure on Fronts of Temperate Zone 
ndary between warm and cold 


air. A technique of frontal analysis is general throughout the tem- 


A ‘front’ is a line where the bounding surface dividing two air 
masses meets the ground. It usu: 


ally lies in a trough of low pressure 

with isobars turning sharply in a cyclonic sense across it; if conver- 

gence is strong, cloud and Precipitation line the front. Sometimes a 

front may lie parallel to the isobars when, if Convergence is weak, 
its edges will be diffuse. 

When the front advances so that the cold mass is replacing the 


oundary at the ground is termed a ‘Cold 
Front’. The colder air undercuts the уу 
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po puerorum Hemisphere), temperatures fall, pressure begins to 
ue a line squall may occur. 
men ES Nem air mass is replacing the col 
ahead of us Varm Front’. The warmer air rides over the colder 
Eoo he air-mass boundary at the ground, anda shelving layer 
as far as Pos cloud develops on the sloping surface. At high levels, 
oas; 00 miles horizontally ahead of the boundary on the ground, 
Stratus AT atus, gradually lowering to altostratus and nimbo- 
aicut сЬ А front advances. Rain begins as muc › 
Gs EUER € front, and there is a rise of temperature when it passes 
M ERIS Winds frequently veer a little (in the Northern 
Grose sect €) and the barometer occasionally rises or steadies. 
ji ons of fronts are shown in Fig. 56. 
of ps чаны between the cloud sy 
Ounces a Air-stream Boundaries; in each, cloud forms on the 
other d Е air masses or streams of different origin. On the 
necessarily 2 fundamental differences exist. The streams do not 
(as the a shear cyclonically either side of an equatorial boundary 
strophic ae about a temperate front) owing to the negligible geo- 
perate fr огсе near the Equator. Furthermore, the theory of tem- 
ture e aS: based on physical differences (mainly of tempera- 
i ensity) in the opposing masses, whereas such differences 


ine р 
ры air masses аге small. ШЫ 
E enr in the theory of fronts 1s the ‘Occlusion’. Fig. 576 
Fi е temperate-latitude chart to which the cross-sections of 

8. 56 relate. AE is a cold front, and AFB a warm front in Fig. 576. 


Cap USER ee of Fig. 56 are on the vertical plane through 
de a Fig. 570. On the frontal system of Fig. 570 2 wave 
i Due is forming, and winds are blowing clockwise around it 
me the Southern Hemisphere). Near its centre, the easterly move- 
DM рше warm front is less than that of the cold front. Eventually 

Section AE of the cold front and AF of the warm front coincide 
Ed later АЕ passes AF to form an ‘Occlusion’, which means that 
= оп EAF of the ‘warm sector’ no longer exists at ground- 
qM but persists aloft, bounded by the sloping surfaces of the two 


‚ Occlusion may take place in or he two Ways illustrated in 
ing the cold front is colder and 


Fig. 58b and с. If the air followin: ‹ 

*nser than that preceding the warm front, it undercuts both 
Warm front and warm sector (Fig. 584): 1f the air following the 
Cold front is Jess cold than that preceding the warm front, both 
Warm sector and cold front override the preceding air by moving up 
"a slope of the warm front (Fig. 58c). Іп the intermediate case, 
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der, the boundary is 


h as 200 miles 


stems of fronts and 


ne of t 
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Ъ =. 20-30,000” Cirrus 
=== Жа, СС опти? 52 
~~~ WARM AIR сур. «ОЕТ И 
SN SO Cumulus A COLD AIR ( f ^^ и 
Vo 2 AIR 
COLDAIR “© 2 WA À 
23822225 ТЕ - ^N e 
С i X G 022 SSS COIN = ^X 
Shower К-50 mls> 
Rain 
(c) ч (а) Cirrostratus- 50,000’ 
WARM AIR 22 Altostratus >" 
7 А Си. == | 20,000” 
Altostratus <>? = => — 2 
ЕЕ Бе” COLD AIR 
pee mE WARME IA —> р 
и COLD AIR AIR — £ | 10,200 
==” — ae 25237 ҮНҮН => ==> 
Хезер Х НН D 
1-200 mls» 
е — —- 600 тів- 
Ес. 56 Fronts of Temperate Latitudes 
(a) Weak cold front (b) Vigorous cold front (c) Weak warm front (d) Intense warm front 
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When the temperature in the air before the warm front is nearly the 


Same as that behind the cold one, the front at the ground is non- 
existent and cloud is restricted to altostratus and cirrostratus. | 
The cloud resulting from an occlusion is usually a combination 
of cumuliform and stratiform, therein resembling the lines of cloud 
Common on the equatorial air-stream boundaries, though their 
Seneses are different. The formation in an occlusion depends on the 
Presence of two streams of contrasting temperatures which are not 
OM in equatorial latitudes. Furthermore, the occluding pro- 
E 58 Is associated with a cyclonic circulation—which is rare near the 
во where the geostrophic force is small and winds cross t 
to КАС at a large angle. The occlusion theory thus cannot be Ше 1 
қаланың the cloud-lines at equatorial boundaries. The Wd 
need f ence between equatorial boundaries and oret еВ Бр 
аск 43 тег investigation, because the former have slope A E 
the e evidence about temperature contrasts, and because с 
quatorial boundaries may be cumuliform Ог stratiform. 


* Cloud Formation on Equatorial Air-stream Boundaries 


КЕ analysis was made from July 1947 0. 
cutheas o: the Northern and Southern Air 
the re ast Asia located by the methods of Сера ы ра 
БҮЛҮ. пе cloud types each day, pecu таг d 
consid У excluded. The types reported were 16 ы e 
Баар section of the boundary, des j 
necess ed after comparing clouds over both ар Я us 
Seas nort because the diurnal variation of clou : 
man Breater than in temperate latitudes. During ЕЕ а 
Ns Y Cases occurred in which, although in the early ee eat 
Teese te bank of towering cumulus at sea, clear а ЧЕ: 
їпе Ward portion of the same boundary. It was 1948 for to ills by 
th Over the sea to be obliterated or reduced to cama ed 
€ afternoon, while a well-developed bank of cumulo 
veloped on the landward extension of the boundary. py diurnal 
с €ets of altostratus were not affected in that det DET 
ORDER Extensive sheets were often associated Meum hatt 
ой normally persisting for days with ae dier я 
er than thinning or temporarily dividing (0: UN 
ПОВЕ. Smaller sheets of altostratus foun ті рае Я 
ated cumulonimbus clouds over land generally Я 
© evening. No record was made of altostratus [oum 
Sundary unless the sheet was extensiv persistent. 
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Fic. 57 Occlusion on Synoptic Chart—Southern Hemisphere 
(a) Cold front 
(c) Open wave 


(5) Wave forming 
(d) Partly occluded wave 


In tabulating the results, the frequency of distribution of cumuli- 
form and stratiform clouds 


was found to be nearly equal on each of 
the boundaries: 


| Percentage of Observations 
Cloud Type 


Northern Southern Combined 
Boundary | Boundary | Boundaries 


Cumuliform solely . 


Я t 3 : 3 35 34 
Stratiform solely . 2 5 a Б 25 20 oh 
Cumuliform with Stratiform , Ч : 33 21 25 
No excessive cloud 5 d > > 13 24 20 


AHI 
th 


WarmFront 


WARM AIR 


99 
о 
59% 

COLD AI T COLDER AIR 


Fic. 58 Occlusion Cross-sections 
(a) Cross section along CD of diagram 576 
(b) ‘Cold’ type occlusion 
(c) ‘Warm’ type occlusion 
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Cumuliform was present in 59 per cent. of all Or ages 
stratiform on 46 per cent. Thus cumulus and stratus Блаце У 
singly or combined, occurred with comparable frequencies on " 
boundaries. Thelong-period approach concealed seasonal differences. 
Occasions when the ratio of stratiform to cumuliform clouds MES 
rising coincided with decreased convergence on the bonn a 
suggesting that the altostratus may have been formed by shear E 
well as by spreading cumulus tops. These facts do not exclude tbe 
possibility that altostratus may be formed by upslide on the air 
stream boundary as in a temperate warm front, for which reason 


the relation of the altostratus sheet to the slope of the air-stream 
boundary was investigated. 


The average height of the altostratu: 
be about 12,000 ft., but slo; 
upper-wind observatio 
sal were observed fro; 
ground to 10,000-ft. sl 

Neglecting cases o 


s in the region was taken to 
pe at that level was not measured because 
ns were not plentiful. No cases of slope rever- 
m 10,000 to 15,000 ft., and thus using the 
оре was considered justified. 

f vertical slope, occasions when altostratus 
formed on only one side of the air-stream boundary were more 
frequent than when on both in the ratio 82:28 or about three times 
as often. This might indicate that altostratus formed on the slope 
of the boundary, except that in a separate investigation of cases of 


vertical slope the altostratus occurred on only one side or on both 
with equal frequency. 


On occasions when the cloud sheet was on only one side of the 
ground boundary, 39 per cent. had cloud on the side of the boundary 
opposite to the slope (i.e. wholly within one of the Streams). When 
the cloud sheet occurred on the sloping surface, 55 per cent, occa- 
sions showed altostratus associated with towering cumulusor cumulo- 


nimbus, pointing to a genesis in spreading cumulus tops rather than 
in upslide. 


stream. m а temperate-latitude warm front), 
indicating that most al 


tostratus is formed in the shear asso: 
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ence that upslide altostratus forms on an air- 
Stream boundary (as i 


while 
ciated 
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with spreading tops of cumulus. A ‘warm front’ theory was not 
Positively excluded, but if warm-front conditions occur at all near 
the Equator, they are rare. It is necessary, then, to consider the 
€quatorial boundaries from a new aspect. 


3. Structure of Vertical Air-stream Boundaries { 

If we disregard the effects of the diurnal temperature variation 
9n cloud growth, the amount of cumulus and cumulonimbus on the 
boundary is related in some way to the convergence of the two air 
Streams. Because winds in equatorial latitudes are rarely strong, the 
Convergence is slight. Concentrations of up to 4/8 towering cumulus 
and cumulonimbus along or near the boundary occur without 
abnormal convergence, and the rising currents in the clouds are 
Sufficient to discharge upwards such air as is converging on the 
boundary, so that concentrations of cloud farther from it do not 
develop. 


Consider a zone along a ZA 

Vertical air-stream boundary ee 

of length x miles and width : 

4 miles, and suppose that, 
Tom ground to altitude Л ft., 


t : ; 
Ee Opposing moist streams 
© of average horizontal 


Velocities и Z 

ı and u, m.p.h. 1 

E angles 0, and 6, гезрес- е-? > uy 

lvely to the boundary (Fig. Fic. 59 Convergence at an Air-stream 
59). Boundary 


Let U be the mean hori- 
zontal outflow from the downstream end of the 2 ка. 
Taking sample values which represent common сопан p 
€quatorialregions,letu, = и = U = 10 m.p.h., and let б, = OU 
45°. Consider the condition when / = 10,000 ft. Assuming , in 
Pressure and temperature are unchanging, the amount of air 1918 
above 10,000 ft. is for various values of x and 7: 


one. 


А257 100 500 1000 mls. 
s DES ph. 
DEMO 2640 13,40 27,940 C": m.p. 
50 2400 13,350 26,700 » » 
100 2100 12,900 26,400 » E 
300 | 900 11,700 25,200 » ut 


a “Ж. is confined to 
If it be assumed that air ascending 11 the zone 15 


117 


EQUATORIAL WEATHER 


cumulonimbus development, by taking an average ums 
within the cloud-columns an estimate may be made regarding 

amount of cumulonimbus in the zone. There have been m 
different appraisals of the up-currents in cumulonimbus clou зі 
Piercey? writes that upward gusts of 25 ft. per sec. are not u ; 
usual, but it is probable that the average up-current over a grea 
depth of atmosphere is less, Measurements in cumulonimbus were 


made in flights over Florida and Ohio in 1946 and 1947, where 
mean up-draughts at various levels were found to be: 


Ohio 5 - At 5000 ft. Up-draught 14 ft./sec. 
At 10,000 ,, 55 21: зр 

Florida . - At 6000 ,, on Map ey) 
At 11,000 ,, 7 24 » 


n width of up-draught and of cum. 
om radar observations by Jones, 
t the horizontal width of the up-draught is slightly more 


€ cloud width. Not all of the cloud is due to up-currents, 
and peripheral 


parts of a cumulonimbus could be due to the shear 
in spreading, 

If the mean up-curr 
sec. (15 m.p.h.), th 
in eighths) in conve 
from the following 


ent in cumulonimbus is taken as 22 ft. per 
en the amount of cumulonim 
rgence zones of vari 
values: 


bus (expressed 
ous sizes should be not far 


х= 


100 500 1000 mls. 
2=10mls. | 3/8 3/8 3/8 2 
22075; >18 >18 >18 


ch should produce greater cloud density, 

Suppose that y, = y, = 15 m.p.h., and that U = о (i.e. when all 

i eved by up-currents). Then average cloud 

amounts for various values of * and у would be not greater than the 
following: 


х= 


тоо 500 1000 mls. 
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The degree of convergence in this example would rarely be ex- 
ceeded near the Equator. Cumulonimbus columns vary greatly 
in diameter, their average being about one to two miles with a 
Probable maximum of five. Under conditions of maximum conver- 
gence into a zone five miles or less wide, the intensity of cumulo- 
nimbus may be 8/8, but with zones fifty miles wide cumulonimbus 
would be very scattered. 
че the case when the horizontal outflow from the end of 

€ zone is great, i.c. U — 20, with ш = и», = 10 and 8, = б = 
45^. For different values of x and y the air contained in vertical 
Up-currents penetrating the 10,000-ft. level is: 


100 300 500 1000 mls. 


1475 6875 12,275 25,775 Сі. m.p.h. 
250 5650 11,080 24550»  » 
—4650 750 6150 19659» » 


m this it will be seen that, for the given velocities ig ES 
m а cloud-free section of the boundary about 300 9» E Е 
occur on the up-stream side of a belt of fresh wincs (2 
™.p.h.) зоо miles wide. For short sections of the line, divergence 


m ide i t і : 
ау Occur over a critical width, causing subsidence and a cloud 


ree zone, 

p c calculations exclude the entry of down-draughts ш ш 
М “СА Subsiding currents occur near convectional cumu oe сн 
Onditions, but it is unlikely that any great down-flow could exist 
tio zones of convergence of the scales in these examples. o 
у Оп$ show that considerable stratiform cloud is usually asso Es 
With boundaries, which is evidence that there cannot be mucl 
escending air. It seems justifiable to assume that nearly all x a 
ees horizontally into the zone is discharged upwards, probably 
htering the general upper-level flow 10 middle latitudes. PN. 
de Owering cumulus and cumulonimbus on à boundary oe. ЕЕ 
*velop uniformly but are balanced with wind strength—W? abr 
У stronger down-stream from a cloud-free partes E 
boundary, This condition is frequently found from June » S ed 

cr, when the Southwest Monsoon covers tropical Southe 
north of 5? М. South of the boundary then are the 5 
rades, which on approaching Borneo turn from southe x 
Southwesterlies, If а typhoon forms near the TH E 
Period, strong southwesterlies to feed it develop 1n à wi E 2 Е. 
Бо boundary. Over both Вогпео and Malaya the bo" 
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Fic. бо Strong Outflow along a Boundary 


(а) Winds at 5,000 ft. 0000-0300 


(b) Synoptic Chart, обоо G.M.T., 
С.М.Т, 19.9.49 


19:9:49 


indistinguishable, partly because the strea: 
partly because subsidence takes 
strong outflow (Fig. бо). 


ms are nearly parallel, 
place along the line west of the 


4. Air-stream Patterns and Equatorial Convergence Lines 
Three types of equatorial air 


"stream boundary may be recognised, 
those sections of it developi 


ng cumulonimbus being known as 
“Equatorial Conver, ence Lines’. 
Б 


The types аге: 


(a) A Simple or Stable Air-stream Boundary, related to parallel 
non-convergent streams 


(Fig. 61); it is frec from towering cloud, 
although altostratus may result from shear if the air velocities differ 
greatly. 


Occurring when two streams are 
62). In normal or strong convergence 
om 8/8 cumulonimbus for a zone up 
for a zone 50 miles wide. The total 
cumulus are present, and horizontal shear may induce altostratus 
formations far back into one о 

(c) An Inactive Air-stream Boundary, 


associated with strong out- 
flow down stream and marked by a со 


mparatively cloud-free zone 
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p 
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Fic.61 Simple Air-stream Fic. 62 Convergence Line 


Boundary 


5. Convergence Zones near Air-stream Boundaries 


А strong boundary out-flow (Type (c) above) leads to more 
complex patterns. In cases involving a typhoon, for example, the 
Strong stream along the boundary may be continuous and non- 
Converging for hundreds of miles. А velocity convergence may be 
built up at times along a line transverse to the boundary: air 
Streams A and B (Fig. 64) may be of similar origin and properties, 
but may have diverged slightly so that the portion of stream 
entering zone XXX may contain high outflow velocities near а 
relatively cloud-free section of the boundary CD. Convergence then 
€Xists over zone XXX, where cumulonimbus develops 1n scattered 
E non-linear forms. Owing to the common sourct, zone XXX is 

Ot a true air-stream boundary. 

The оао а pos (Ххх) тау шоуе down-stream, but 
Usually remains stationary because its existence depends ааа 
distant feature (probably hills) which initiated the division P ү 
Stream. It is often associated with а weak trough: at higher m 
the stream-line discontinuity becomes less marked until at Bue 
altitude one stream will be found passing completely across RP 2 64, 
Fig. 65 shows the stream at 10,000 ft. above the EI earl 

Onvergence zones within a stream are temporary and cuon Ter 
Obliterated after a few days when the streams merge again 


their source. 


cin SS 
E — = О 
Strong EN 
parallel streams 
Fic. 64 Соп 


Fic.63 Inactive Air-stream Boundary 
Boundary 


vergence Zone near 
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X LA 6. Clouds at Sloping Boundaries 


EERE The majority of boundaries are 
X 


sloping rather than vertical as in 


Ам NN the above examples. Mather™ 


established for sloping boundaries 
Fic.65 Flow above Convergence а correlation between rainfall and 
Zone the position of the boundary at 
3000 ft. The strongest factors initiat- 
ing those upward currents which relieve horizontal convergence are 
ground-heating and orographic uplift, with the result that greatest 
cloud development should occur at the ground position of the 
boundary. A correlation closer than Mather established should exist 
between the place of maximum rainfall and the location of the 
boundary below 3000 ft. = 
Boundaries of very gentle slope have only slight activity (if any), 
mainly near the intersection with the ground, indicating that air 
converging at great heights does not necessarily initiate up-currents. 
Cumulonimbus even over the ground position of a gently sloping 
boundary is sparse, because only a shallow layer contributes to the 


development and because convergence at upper levels is too remote 
to assist developing the up-draughts. 

The three classes of cloud Structure on a boundary may be 
distinguished: 

(1) When slope is almost vertical, converging air at all levels may 
contribute to cloud growth over the ground line and, given adequate 
convergence, the boundary is well-marked, comparatively narrow 
and intense (Fig. 66). 

(2) When slope is very gentle (approaching horizontal), cloud 
is scattered and mainly near the ground boundary, cither on it or 
on the same side of it as the sloping surface (Fig. 67). Cumuliform 
may be sparsely scattered over а zone hundreds of miles wide, à 
marked line with concentrated cumulonimbus being rare. Cumulo- 


>< 
Fıc.66 Cloud оп Vertical Boundary 


Ес. 67 Cloud on Sloping Boundary 
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17 


Fic. 69 Cloud when Slope near 


Fi 
G.68 Altostratus about 
Vertical 


the Boundary 


nimbu 
Ее 5505 not often grow at great distances up the slope because 
ce normally diminishes at higher levels. Analysing the 


Slope 
ре of many boundaries over Southeast Asia (Chapter ХІ), Ме 


find that jt ; 
at it is always changing, and gentle slopes are temporary 
ndergoing rapid 


becau 
с : 
EE Б; higher levels they are nearly always u 
ent by the winds in one of the streams. In such a case; 


Convergence is de os : А 
negligible, and there is little to induce cumulonimbus 


to di 
€velop away from the ground boundary. Shear may be great at 


man d 
sc 22 in either stream, accounting for sheets of altostratus 
(3) Ini ound unrelated to the slope (Fig. 68). 
Vertical ее to these classes is ап appreciable and nearly 
of cloud ace, frequently found near the Equator. In this, the degree 
When 51 evelopment varies greatly, though generally less than 
ope is vertical, A typical case (Fig. 69) shows cumulonimbus 


Scattere, d 
Over a zone up to 100 miles wide, or strung out raggedly 
ng side. When à 


alon 

nA ground boundary or slightly to its юри 

ground de column grows at a distance (A in Fig. 69) from the 

boundar oundary both streams tend to feed it, distorting the ground 

conceptio (BCADE) at that point. Under these circumstances, the 
Cause оп of a ground boundary is almost illusory; yet still useful 

Winds) ee smoothly curved low-level boundary (analysed from the 

to ME icates a mean position to which the actual boundary teni 

distort ib after the collapse of the separate cumulonimbus which 


undaries 


7. Di 
iurnal Variation of Cloud on Bo 
an important 


In A 
presenting these model boundaries, 


ar bee 

conver neglected—the diurnal variation of temperatur! а 

Бепсе governs cumuliform development on 2 boun ae 
ir stability ш equatoria 


8rou: 
nd heating and cooling greatly affect aii 
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i i d Kuala 
ical regions. The following figures for Singapore ani 
eee eh т the diurnal temperature range is much greater 
inland than at the coast: 


Я Mean Мах. | Mean Min. Mean 
Station Temp. Temp. Range 

БЕ; РЕ; ЖЕ. 

Singapore 86:6 750 11:6 


Kuala Lumpur 90:5 72:0 18:5 


Upper-air temperatures over the region are nearly ES а 
ditionally unstable, and an increase of ground temperature 24 
18? F. ensures that the lowest layer is conditionally unstable if ш 
absolutely so. "Therefore, where a boundary exhibiting horizonta 
convergence lies across a land mass, it induces considerable cumu- 


lonimbus during the daytime. Such development exceeds the 


С z 5 2 іг 
amounts previously estimated in this chapter, because low-level ai 
15 drawn into the System from 


offshore (sea breezes) to feed the 
rising currents along the boundary. This inflow from the sea de- 
creases low-level convergence on the boundary offshore. Conse- 
quently cumuliform is rare during day-time on a boundary ONSI 
coastal waters (although shear may form altostratus there), as illus- 
trated in Fig. 70, which shows a ground boundary oriented east— 
West across Malaya. By day considerable cumulonimbus lies in а 


wide zone (AA of Fig. 70) over the land and, if the streams are un- 
stable, clouds develop; 


Ping on the boundary may merge with the 
intense diurnal build-up of cloud on land (BB). Offshore, and 
particularly to leeward of the land, cloud is probably negligible ОП 
the boundary by day, owing to divergence in the streams (С, С of 
Fig. 70). Farther tha shore? the sea-breeze effect is 
dary is likely to be mar 


1 т cumulus sufficient to 
verging from the Opposing streams, 


tostratus sheet had spread along the 

boundary during the day, it 
Offshore along the boundai 
an exposed coast for two re 
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Fic. 71 Surface Flow on Boundary 
by Night 


Fic, 
70. Surface Flow on Boundary 
by Day 


(1) Low- 
ow-level convergence is increased by the addition of the 


land- 
Я outflow (Fig. 71). 
the tempe ough diurnal variation o 
radiation sei above any pre-existing cloud lay 
Convection © up a steeper lapse-rate over the sea, 
E E mm on an offshore boundary is in С 
art 5 
Usually c. than 10 miles from the land mass, land breezes are not 
9n the che ienced,* causing the density of cumuliform to depend 
Осеап, E M of convergence in the air currents. Even over the 
ап by da т cumulonimbus is likely to develop more by night 
ayers Eus ecause radiation from the tops of pre-existing clou 
ough Hi y increasing the lapse-rate, promote convection: | 
Variation of m may thus be formulated for predicting the diurna 
Sundary p ensity of cumulonimbus or towering cumulus 00 the 
density for etween two moist currents. Normals of cumuliform 
Mg to the QUE zone widths may. be established correspond- 
normals in cen of convergence in the streams (see page 120 for 
densities n cases of moderate and strong convergence): Greater 
Whereas ER narrower zones are typical of vertical boundaries, 
ОГ gentle КАНЕ densities and wider zones accompany boundaries 
9ften Бу $ оре. Normal densities are found over the seas py day and 
Shore by night. Excessive densities аге over lan р 
Ensities ae particularly to windward near the eds 
ау when Ow normal occur over land at night and offshore 
cumuliform leeward of the land masses may 


* 
The di 
ist қ 
g atabatic Е varies according to the topography, е 
ow from high ranges may extend to а greater dist 


er may fall by 
and promoting 
consequence 


anda land bree 
ance offshore. 
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8. Diurnal Change of Position of a Boundary 


Diurnal temperature variation, the dominant cause of dep ae 
from normal cumuliform density, may also displace the boun 5 y 
Where it lies close to a large land mass, the boundary suffers я 
level distortion, related to the land- and sea-breeze régime. à 
occurs? sometimes in the Malayan region during May and Jus 
when the boundary between the Indian Southwest Monsoon an ^ 
the Southeast Trades has a northwest-southeast orientation near 
the west coast of Malaya. d 

(1) During evenings, the land breezes from both Malaya an 5 
Sumatra produce maximum low-level convergence in the Rei 
Malacca, inducing more cumulonimbus than is normal. By midnight, 
at about 3000 ft. or higher, the Southeast Trades and the Monsoon 
Westerlies cross the high country of Malaya and Sumatra to align 
the upper air-stream boundary also along the Straits. 

(2) During mornings, rising land temperatures may transfer 
maximum low-level convergence to the Sumatran or Malayan main- 
land and, as successively higher layers contribute to cumulonimbus, 
the boundary becomes aligned with the ranges of Sumatra ог 
Malaya, reaching up to considerable altitudes above them. 


9. Line Squalls on Moving Boundaries 

Because air streams frequently flow asymptotically at their com- 
mon boundary, the boundary moves slowly, and rarely in the 
manner of that line squall usual on temperate-latitude cold fronts. 
When a squall does occur (through increasing velocities within a 
stream), its direction changes gradually until it travels along the 
boundary. The velocity component athwart the boundary is small, 


50 that only a small displacement of the boundary may be asso- 
ciated with a strong squall and bad weather. 


А complication occurs when velocities increase in a stream con- 


taining a line squall (AA of Fig. 

SX A 72) moving down the boundary. 

SN D Suppose the boundary itself is 
NS regularly but slowly being dis- 
хи >y placed from XY to X'y', the 
X— va. — —Y' squall AA moving down the 
p boundary is likely to induce a 


secondary squall BB in the other 

7 3 B stream, so that an observer at Р 

may experience a squall and 

weather from the southwest before 
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the arri З 
rival of the main boundary from the north. (See ‘Induced 


Squall?’ in Chapter XIII.) 


то. 
eee within a Stream 
ost E UT 
аво and cumuliform cloud in equatorial 
they are: y three factors effective singly or in com 
(i) Con 
3 уегрепсе on air- 45 2: 
ала (1 ir-stream boundaries, (ii) огорга hi 
ew ground heating. , (ii) orograp 
€ rai ; E T 
om E idt falls in minor disturbances within a strea: 
appears diffi asses. These disturbances are so diverse that at first it 
CHI ваат о include them in one description. Wood* traced 
orneo, but i55 of cumulonimbus and rain crossing Northeast 
ar is ie ow far they had travelled previously is not known. 
South Chi record of a disturbance, linear or zonal, crossing the 
Огпео сеа from Indochina to Eastern Malaya or North 
Or short]; that Wood's ‘disturbance lines’ were probably local 
alaya MEE Sudden periods of general heavy rain in East 
ong К, ну begin after an abrupt rise of pressure near 
disturbance, 8, brought about less by the approach of a linear 
resulting = and more by relief and increased wind velocities 
hina Sea. om an increased pressure gradient over the South 


regions is 
bination; 


ic ascent, 


m and remote 


ompanied 
wind-shift. 
s doubted; ground 
w it, so that the 


Tain, 


Ог not 

isobaric Шке trough accompanies the surge 1 
trough ae E at 1-millibar intervals fail to sho’ 
GAD qu P. very аһан иси all. , 
consisting es a type of disturbance called an ‘easterly brum 
ез, а а weak pressure trough in and transverse to the easterly 
cloud ang sociated with a wind-shift and followed by increasing 
ber day, TE Such a wave travels westward at about 400 miles 
о easterly wave’ resembles a convergence Zone 1n. many 

are «teas also do ‘surges’ and *disturbance lines’. Common um 
elocit азей cloud and rain and a variation of wind direction. or 

dá across each. 3 
ou disturbances occur within a stream and thereby ditt 
*fine log, n features. The various terms for them serve mai у E: 
Zones’ ie ity, and all might aptly be described as COE 
Ог as < еге (regardless of other cloud types) cumuliform 5 сре. 
ear lines? where cumuliform is absent but altostratus exi 
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5 о? 
to imply wind-shear. It is also desirable to term them ‘moving’ ОГ 
‘stationary’. 


тг. Doldrums 


Before the details of equatorial wind streams were known, the 
equatorial region was assumed to be one of light winds without 
definite direction of flow and known as the ‘doldrums’. Later, when 
isobaric and stream-line charts came into general use, smaller 
regions of light variable winds were marked as ‘doldrums’. Theories 
concerning their structure involved the suggestion that showers 
were fairly widespread within them, and that lines of cumulonimbus 
or altostratus marked their edges. Increased pilot-balloon stations 
in Southeast Asia during recent years have shown that, although 
ground winds may be light and variable over large areas, a stream 
flow is discernible aloft; thus the extent of ‘doldrums’ on the upper 
stream-line chart diminishes with increase of knowledge. While the 
monsoons blow, regions of light winds aloft never occur. The term 
‘doldrum’ may ultimately be eliminated from the meteorological 


vocabulary as far as upper-winds are concerned, but ‘doldrums’ 
are still shown on the charts of many services, : 


CHAPTER XI 


Circulation over Southeast Asia 


1. Analysis 


The та, 

е ек соп о seasons over Equatorial Sou 
Of the surfa, rom typical weather charts. An 
ое may be obtained fro: 
AN the rame m ‚ Chapter I, which show; 
( е North Pacific osition of the discontinuity between the Trades of 
чае) or NT с (Txe) and those of the Southwest Pacific (NT se 
E at the ER near Southern Borneo (Fig. 5). They also show 
айога] М pral position of the boundary separating the 

Oriented from erlies (T4) from the North Pacific Trades (Ту) 
tis difficult oe to south along Sumatra and Malaya. 
pl mean wind o visualise the position of the boundary by studying 
шу changin streams for May, because then circulation is com- 
pen Adequat 2 with the advance of the Indian Southwest Mon- 

8 charts e y to describe the seasonal changes involves examin- 
ai Or most of S mean positions but of sample seasonal phases. 
1а and Nor he year, two main boundaries exist between Indo- 
XM In the w Ч ern Australia. They usually have separate identi- 

Уегаре ае of that region but are combined in the east. The 
(Bc "Northern Е is shown in Fig. 73. The northernmost (AB) 28 
E C) is termed quatorial Air-stream Boundary’; the southernmost 
Oincide (BD) 1 the ‘Southern Equatorial Boundary’; where they 
к uring th is called the ‘Combined Boundary". А 

ISplaceq fa € northern summer, the Northern Boundary (AB) 5 

г to the north over China, where it becomes the Inter- 


Topica] 

пса E; 

acific fi ront separating the Northeast Trades of the Northwest 
an Southwest Mon- 


с 
S00 Tom th E z 
n e west-southwesterlies of the Indi 
(CB) separates the 


SOUS АЁ thi 
Оце is season, the Southern Boundary 
ific from the 


ast 
ч Onsoon, me of the Southwest Pact pg 
Ades, the $ ause the monsoon develops from 2 diversion © à 
; Jetween CHER Boundary may not extend far to the Wes ы 
€ two monsoon seasons, the boundaries take up PO 
(BD) separates 


tions 

the p Ear 

he Trad the Equator. The Combined Boundary 
es es of the two hemispheres, frequently extendin: 

P cd Boundaries may 


bey. At Other ti 
r times, t С thern 
, the Northern and Sou ЫП Westerlies, 


* Wide 
a a 
Ew, врс еу аге separated bya belt of Equator! 
E 
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Fic. 73 Major Equatorial Air-stream Boundaries of Southeast Asia 


© 


the origin of which is sometimes uncertain during the inter- 
monsoon period, though charts of mean flow indicate that they 
frequently extend back at least to the Arabian Sea. 

In the southern summer, the entire system moves southward and 
the line formed by the Southern and Combined Boundaries (CBD) 
becomes the Intertropical Front, separating streams from two 
hemispheres. Southwest Pacific Trades (southeasterlies) still blow 
south of CBD, and the Northeast Monsoon has developed north 
of ABD. The Northern Boundary then appears intermittently: 
Equatorial Westerlies may still occur south of it, composed о 
Northeast Monsoon air diverted to a westerly orientation over tt- 
Indian Ocean. The Northeast Monsoon may even blow directly 
into the Southern Hemisphere without this diversion, on which 
occasions the Northern Boundary is non-existent. 

This system is idealised. Separate Northern and Southern 
Boundaries depend on the orientation of the several streams, so 
that there are many occasions each year when only the Combined 


Boundary exists. This is more evident if we examine the seasonal 
movements in greater detail. 


2. The Equatorial Westerlies 
Fletchers perma- 
* He stated that, if cumuli- 


esterlies are confined to the Indian Ocean, Indo- 
i Central America. Any Equatorial Westerlies 
occurring elsewhere (according 6 


о C. E. Palmer in Journal of Meteorology, 1959, 
vol. 9, р. 377) are due to individual cyclonic circulations, so that it is difficult 


9 тааш continuity in tracing the air-stream boundaries between them and 
the Trades. 
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Fic. 74. Origin of the Equatorial Westerlies 


then 

(Fig. becomes a source not of warm air but of cool subsiding air 

S EON A. separate cyclonic shear would be established on 
undary between the cooled source and the warmer Trades 


of ea 5 А 
ae hemisphere, and the air between the two boundaries would 
р into a westerly stream. At low levels the westerlies would 
here flowing in to feed 


h 
dod a poleward component in each hemisp 
idis E oe along the boundaries (Fig. 745); and at high levels 
APA have an equatorward component as the cooled air 
No RA ue cloud tops into the zone (Fig. 746). 
ром ТЬ being available regarding the temperature drop possible 
PINE RUE cooling of the cloud tops, it is difficult to assess the 
Eo ve of this theory. The air rising in the cumulus clouds should 
ИН е saturated adiabatic lapse-rate, and that subsiding be- 
is е boundaries should warm at the dry adiabatic.rate (which 
e тешет), causing a net gain of temperature which radiative 
ing must offset before the zone could be considered a source 


of cold air. 


nts of Boundaries at Low Levels 

m is as follows. In July the 
does not appear in 
est Monsoon north of 
China. The Southern 


3. Seasonal Moveme 
Ric march of the boundary syste 
So rthern Equatorial Air-stream Boundary 

utheast Asia, having preceded the бошм" 


15° : 
E N. and become the Intertropical Front of 
quatorial Boundary at this time lies in a northeast-southwest 


шпон in the neighbourhood of Malaya (Fig. 7 5), separating the 
E. dian Southwest Monsoon (Т) from а southeasterly current of 
(E stralian or Southwest Pacific origin (Nu, NTs ог NT, 
B quat)). Occasionally a separate anticyclonic cell lies over 
orneo, but the boundary (Fig- 76) dividing it from the south- 
easterlies is only temporary. 
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In July, the Southern Equatorial Boundary moves between 
Palembang-Bangka-North Borneo in the south to Sabang-Phuket- 
Gulf of Siam in the north. Movements of the line are of two types: 
when it is oriented north-south in the Straits of Malacca, there 
often appears to be a diurnal fluctuation of position, displacement 
to the east taking place during the early morning and a slow return 
to the original position during the late morning. Larger displace- 
ments within the above limits occur under outside influences. 
Movements to the northwest are associated with slightly increased 
low-level velocities in the southeasterlies, probably dependent on the 
migratory anticyclones of the Southern Hemisphere. Others may be 
associated with a rapid rise of pressure over Borneo. Large displace- 
ments to the southeast occasionally follow а surge (moving con- 
vergence zone) of the Southwest Monsoon at times when the south- 
easterlies are weak. 

, August produces little change except that the monsoon surge 
is more frequent. This disturbance may be traced, in its four-day 
passage across the southern Bay of Bengal, by wind-shear, by cumuli- 
form, and by a thickening of the altostratus or by the formation of 
altostratus where cirrostratus alone previously existed. The impact 
of the surge is obvious on the Malayan coast north of lat. 7? N., 
but the high mountains of Sumatra prevent the cloud increases 
penetrating to Malaya and eastern Sumatra. The rcorientation of. 
the monsoon from southwesterly to westerly following a surge 


favours the diversion into the Straits of Malacca and across Malaya 
of a northwesterly current 


у up to 8000 ft. deep (see Chapter XII). 
Not only does this displace the Southern Boundary southeastward, 
but reinforced Convergence promotes activity on it. Eastward 
movements near Malaya are invariably associated with great 
activity, but westward displacements cause considerably less. 

During September, the Northern Equatorial Boundary continues 
mainly north ОЁ 15° №. (where it is known as the Intertropical 
Front), and the incidence of а separate Borneo high with conse- 
quently a new boundary over South Borneo is still intermittent. 
The Southern Boundary at this time is located through Palembang; 
and stretches thence to the northeast. Its movement is influenced 
by the diurnal oscillation and by isolated monsoon surges, and 
probably moving convergence zones in the southeasterlies affect the 
position and intensity of the boundary. 

By mid-October, the Northern Boundary passes south of 10? М. 
Its structure is normally a single line, though perhaps occasionally 


widening to a zone (Fig. 77)—а situati i 7 
lived to promote ROM = rarely sufficiently long 


out the doldrum. In the west 
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al: B 
uod POI moves southward during October: under the 
Sab of Indian northerlies, it crosses the Bay of Bengal to 
i d and south of Ceylon. 
so MN also, the Southern Equatorial Boundary is oriented 
Bornes pore ee mainly through Bangka and northwest of 
Shite мн it joins the Northern Boundary. The former separates 
[а У E southeasterlies or easterlies (NT,, Or NT, 
and c) from Indian Ocean westerlies (Ты), and the Northern 
erlies (NP, ined Boundaries separate both of these from the north- 
By NP.) or northeasterlies (Typ) of the Northern Hemisphere. 
northeast end of November, the Southern Boundary lies east- 
moves to M. west-northwest near Java, and the Northern Boundary 
Isolated alaya with the onset of the Northeast Monsoon (Fig. 78). 
origin үс depressions may form and fill east of Malaya. The 
and the NS westerlies between the two boundaries is now doubtful, 
Intertropi orthern Boundary can no longer be considered a true 
In opical Front. . 
asd d December, further advance brings the Northern Bound- 
The So е Equator whence it may still return to Southern Malaya. 
БА та Boundary is crossing Java, and а well-defined belt of 
the EE Westerlies separates the boundaries (Fig. 79). Each of 
nately а oundaries varies widely in intensity at this stage, alter- 
orie у dying and intensifying following slight variations in the 
ee of the westerlies. г 
ds E January and February, the Southern Boundary lies 
when сато апі 12? S. (Fig. 80), retreating а little to the north 
fronts it is reinforced by weakening Southern Hemisphere cold 
North (which may be traced by changes at Cocos Island). The 
Ban ie Boundary is intermittent with а mean position through 
West ач south of Borneo, but no longer distinct west of Sabang. 
ЕЕ the Northeast Monsoon is diverted into Equator! 
ound es, which at times disappear comp es 
to Jay. ary travels south, allowing а northeasterly flow at al 15% 
tropi a. The Southern Boundary might now be termed a true n ег- 
pical Front and, when the two boundaries merge; Ee 
sides. 


ly flow on bo 
between true 


letely whe: 


к т gain a 
c distance away. 
= y March, the origin of the Westerlies becomes complex oe 
ee and the Southern Boundary may по longer Бе А е 
е Intertropical Front. Southwest Pacific southeasterlies а 
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the Southern Boundary to the north of Java, while both the 
Equatorial Westerlies and the Northern Boundary may vanish. 
Further advance in April combines the two boundaries east of 
106° E. as a single line (Fig. 81) on which convergence is frequently 
intense. West of 106? E. two Equatorial Boundaries still exist—the 
Northern through the Straits of Malacca and across Sabang to 
Ceylon, and the Southern to the southwest through the Soenda 
Straits. Westerlies from both hemispheres still enter between the 


boundaries and may reach South Borneo. An additional north- ` 


south boundary in the eastern Ba 


the Northern Boundary 
d Malaya. The Equatorial 
engthen, deviating to a more 
f May (Fig. 82) they cover the 
Malaya and Thailand. Marking 
soon, the Northern Equatorial 
Southern Burma and Indochina as 
though increasingly active, Southern 


ver Malaya to separate the monsoon 
utheasterlies. 


4. Displacement of Boundaries at Higher Levels 


The Seasonal movements of the Northern and Southern Bound- 


those at th igs. 75— 82). 
ervations of the TEST at the ground (Figs. 75—83) 


€ is not uniform with height nor 
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uniform along different parts of 
the same boundary within any 
one layer of the atmosphere; 
one section of the slope may be 
on one side of the vertical and 
another section on the opposite 
side. That the slope of the 
Northern Boundary from ground 
to 10,000 ft. is steeper than the 
slope from ground to 5000 ft. 
(and steeper than that from 5000 
ft. to 10,000 ft.) suggests that 
there are many occasions when 
the sense of the slope changes 
with altitude. 

The slope of the Southern 
Equatorial Boundary is gener- 
ally less than that of the 
Northern: its mean slope from 
the ground to 5000 ft. is 1 in 
220; from 5000 to 10,000 ft. it is 
1 in 240; and from the ground to 
10,000 ft. it is 1 in 210. Once 
again the slope in the whole layer 
up to 10,000 ft. is steeper than 
that in either of the component 
layers, so that we must assume 
the sense of slope of the Southern 
Boundary to be sometimes re- 
versed with height. 

The slope of the Southern 
Boundary varies from day to day 
and cannot be described 
adequately by а mean. Most 
frequently the surface slopes up- 
wards to the east, southeast or 
south, with the Equatorial or 
Monsoon westerlies overlying 
the Southwest Pacific easterlies 
or southeasterlies. The slope to 
the southeast is usually gentle, 
and it approaches the horizontal 
on occasions when upper wester- 
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lies sweep across the equatorial zone as far as Northern AM 
This extreme case usually occurs when the westerlies are reinforce 
temporarily or replaced by a current of different origin—such as an 
advance of diverted Northeast Monsoon air at upper levels. At 
other times the slope increases to approach the vertical, or even 
changes sense so that the gradient is upwards in a northerly or 
northwesterly direction. | 

The mean period of recurrence of minimum slope of the Southern 
Boundary“ is about 9} days; the shortest observed period has been 
7 days and the longest 19 days. The mean minimum slope to the 
southeast is approximately r in 360, and the mean slope in the 
maximum (or near vertical phase) is 1 in 20 to the northwest. 
Accepting these means, the slope of any section of the Southern 
Equatorial Boundary at any particular time may be roughly pre- 
dicted by considering the period elapsed since a time when slope 
was vertical or a minimum to the northwest. 

The periodic changes of slo 
follow slight fluctuations of 


asterly or northeasterly course. By 
New South Wales, this air, following 


track, may contain temperatures slightly higher 
than those of the Indian Monsoon. 


The Northern Boundar 
periods, but its slopes are пі 
more difficult to detect, 


y also may change slope in similar 
uch nearer the vertical and their rhythm 


ries at very high levels, apart 
» are less than those at middle levels. 
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velocities or reorientation, their progress to the west is checked by 
the mountains of Sumatra, and the ground boundary may be 
forced far north over Malaya and the Straits of Malacca because the 
southeasterly flow is diverted to southerly by the ranges. Thus the 
ground-level boundary may be deformed to lie along the Sumatran 
ranges and thence eastward from Sabang. Relief effects do not 
greatly influence conditions at 10,000 ft., and the boundary at | 
that level, although perhaps advancing, will probably not suffer 
deformation (Fig. 75). 

Relief may also influence southeastward movements of the 
Southern Boundary. Suppose that a boundary initially lies along the 
Sumatran ranges and stretches eastward from Sabang (as in Fig. 75). 
If it should be displaced eastward by the Indian Monsoon, the 


advance at 10,000 ft. may be substantial. At low levels the ranges 


may retard boundary movements until a surface current of air is 


diverted down through the Straits of Malacca as a northwesterly 
wind. From these considerations it will be seen why the slope of a 
boundary surface may change considerably over a period of a few 


days when near high ground. 


6. Flow at Very High Levels 
March to mid-May and 


During the inter-monsoon periods (Маг 
September to maids Nove mean wind at 20,000 шс 
Equatorial Southeast Asia is from ап easterly direction at an ДР EX 
Speed of 5 knots.* During the period June to August, the mean 5р 
of the easterlies along the Equator 
18 то knots and, owing to the in- 
cidence of monsoon southwester- 
lies, the average wind over Ten- 
asserim is light southwesterly 
(Fig. 84). 
Mon December to February, 
Hands at 20,000 ft. are generally 
ight easterlies at low latitudes, 
but the Northeast Monsoon has 
Influence over the South China 
Me Where the mean wind is from 
€ northeast and light (Fig. 85)- i AT 
€ wind is southwesterly over Fic. 84 Mean Wind 50е: 


a unc-August 
€nasserim, due to the occa- 20,000 ft. J | j 
ds usually 1n m.p-h.: 


: Ж in 
А x Upper-wind speeds arc always in knots; surface Wi 
not = 1:15 m.p.h. 
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F16.85 Mean Wind Streams at Ес. 86 Mean Wind Streams at 
20,000 ft., December-February 30,000 ft., December-February 


sional lowering of upper westerlies which are well developed 
then. 

At 30,000 ft. the pattern is simpler and, except during the period 
December to February, the mean wind is from nearly east. The 
average speed of these easterlies is 5 to 10 knots from March to May, 
15 knots from September to November, and 20 to 25 knots from 
June to August. Indian Monsoon southwesterlies at this level are 
negligible. : 

The 30,000-ft. pattern for the December-February season is 
different from that of the rest of the year. The easterlies from 
December to February average 20 knots along the Equator (Fig. 86), 
While over Tenasserim and Thailand 
Strong westerlies. 

Above 30,000 ft., northeasterl. 
over most of the area, exce 
the general orientation is sli 


the year speeds vary between 30 and 60 knots. 

Easterly directions and decreasing speeds continue up to the base 
of the Stratosphere—between 54,000 and 66,000 ft. Within the 
stratosphere there is an abrupt change to westerly or southwesterly 
winds which, slowly increasing with height, attain about 20 knots 


at 70,000 ft., above which little is known about the wind structure 
over the Equator, 
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CHAPTER ХИ 


Examples of Air-stream Analysis 


optic charts and upper- 


In thi 1 
this chapter will be examined the syn 
te how air streams are 


wind charts of Figs. 87-94 to demonstra 


Es from them. 
n 29th July 1949, the Indian Southwest Monsoon covered 


th 
peu bee Thailand and Indochina, while the Northern 
China Se ir-stream Boundary* was lying along lat. 20° N. in the 
Southern X йе Southern Equatorial Air-stream Boundary—the 
Sumatra И. of the monsoon—lay inactively across northern 
On heh ile the Southeast Trades covered the Indies. 
over Mal 9 lowing day the Southern Boundary moved southward 
vancin aya. Rapidly for these latitudes, the boundary was ad- 
accom; pa 20 m.p.h. on the west coast and at 15 m.p-h. on the east, 
at RR niea by squalls and thunderstorms and by changes of wind 
“Conveni еуі, The weather charts showed little ambiguity and 
niently illustrate the method of analysis. 
on 29th July 1949 
arily concerned with 
al Air-stream 


I. Si Д 

свеч at оооо С.М.Т. (0730 L-T-) 
ЗЮ this situation we are prim c 
Boundar е location of the Southern Equator) ng 
87), end us first consider the stream-lines at 10,000 t. (Бе: 

oundar $ li is practically free from orographic influences: 1 е 
show ra ies southeast of Singapore because wind observations 

dana the monsoon westerlies cover all Malaya and northern 
an observ. The Trades are northeasterly over Northern Jee т à 
that the m at Billiton, together with an aircraft гера d 
Wind ob: rades extend close to Singapore. We must treat bot 
Correct ECL ons with reserve because they were not 5 
July a serving time, the one being а hours on 

Northeast other at обоо hours. 

hough jud of Singapore, an aircr 1 
the directi is difficult to decide which air § ‹ 
the obse Hom oem different from the таш flow in e di 
char; туаноп куа probably in that region oi У rr 

..acteristic near the boundary. The most probable locatio 

The symbols for representing the boundaries on charts are in Appendix В. 
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aft has reported northeasterlies. 
r stream contained this wind, 
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the boundary at 10,000 ft. is shown in Fig. 87, though possibly 
lying farther to the southeast. 

Wind observations at 15,000 ft. are too scattered to throw further 
light on the matter (Fig. 87). The north-northwesterly at Kuantan 
indicates that the boundary is south of that point, justifying us in 
deciding that this observation is in the slowly deviating stream over 
Malaya, and that the northeasterly at Singapore is also in the 


monsoon. This is speculative: the boundary could lie anywhere 
south of Kuantan. 


At 7000 ft. (Fig. 87) 
define the position of th 
to northwesterly, 
north of Djakarta 
tion plotted for Bi 
hours before the 


lished as southeast of Bangka at 7000 ft., there is the possibility that 


ast than it is shown. 


ir, they are more probably Trades. 
If we draw the 500 


Labuan northeasterlies in the "Trades, 


Borneo, a conclusion co 
over southern Borneo, A minor air-stream boundary located over 
ү Java Sea Separates the true Trades from a diverted part of 
them. n 


Having established where the air-stream boundaries are at 1000ft., 
let us project th 


ese positions on the surface chart (Fig. 88). At 
1000 ft. the Southern Equatorial Air-stream Boundary lies north 
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Fic. 88 Surface Chart, 0000 G.M.T., 29.7.49 
(7.30 a.m. Malayan time) 


of Medan. Thick altost 
wind-shear being rep 
d 


to 6° М. We will accept this position аз determining the surface 
boundary in the Straits, 


he wind streams at 1000 ft. to 3000 ft. indicate the boundary | 
to be somewhere near Kota Bharu. There is some justification for 
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placing the surface boundary to the north of the ship JVinghai, 
which reported a southerly wind; having no corroboration, we 
draw the surface boundary where it was well-established on the 
28th, as shown in Fig. 88. No marked trough exists to fix its position 
over Eastern Malaya, though near Kota Bharu slight evidence 
of a pressure trough appears. - 

The wind analysis at 1000 ft. indicates that the minor air-stream 
boundary over Borneo is a little south of the Equator. Balikpapan 
reports a light easterly which, being contrary to the land breeze, 
suggests that the Trades blow across this station. Because Balik- 
papan reported rain in the distance, we may consider the surface 


boundary to be near by (Fig. 88). 
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and, although the Balik- 
turbance, more probably 


nges aloft (Fig. 90), we find the greatest is 
at 7000 ft. where the Trades, oriented more northeasterly, have 
displaced the Southern Boundary well to the northwest (cf. 7000 ft. 
charts of Figs. 87 and 90). The minor air-stream boundary might be 
discernible over South Borneo were more observations available 
for the goth. 


There is no evidence for as 


1 ubstantial displacement in the 5000-ft. 
position of the Southern Во 


undary by the goth, except that the 
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northeasterly at Penang may be in the monsoon, in which od E 

- ' boundary would lie south of Penang. The minor Үйү ЖЕТ DN 
ary lies over Java at 5000 ft., ed the northeasterly an 

easterly Trades meet at a large angle. 

At И ft. (Fig. 90) the Southern Boundary is well defined 
by the contrasting directions of the Trades and monsoon (Б 
3000-ft. chart is similar). Southerlies reported on the Indoc T 
coast are very significant because their direction could hardly 
ascribed to local effects. Stream-lines for 1000 ft. cannot be drawn 


LJ . а 
over Java and southeastern Borneo because directions reporte 
there are so varied. 


secondary indication of thick altostratus 
and recent rain at Penang. 


er winds show that the boundary lies 
ang without data to define it. Rain А 
n the northern straits by the ‘Chaupra’, 


monsoon, evidence of which is found 


3. Situation at обоо G.M.T. 
i 30th, the Southern Equatorial Air- 


О move towards the southeast. The 
900 G.M.T. on the 


erlies at оооо G.M.T. to strong 
westerlies by rrog G.M.T. ( 


cf. upper winds on Fig. 90 and 
Fig. 92). 
A reason for the boundary displacement can be seen in the 
pressure cha 


gh (cf. Figs. 88 and 89). Probably the 
southward movement of the boundary has been brought about by 
the low-level Outflow resulting from subsidence within this high, or 


(1330 L.T.) on 30th July 1949 
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Fic. 92 Upper-wind Charts, обоо to 0900 G.M.T., 30.7.49 
(1.30 p.m. to 4.30 p.m. Malayan timc) 


151 


EQUATORIAL WEATHER 


- өз Ж. 

3X073 98D) ^q? 
ES 

4, Na с 


(74 


Tjisedane o* 
81 256.8 


+ Once again ЖО ЖОЕ 
В Ж the boundary i thin the trough. 
while t 3 à MEE Nie 2 
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orth. Over southern Malaya, 


boundary. Rain is reported in the n 
there is no 


where the surface winds are evidence of the Trades, 
precipitation and little low cloud. 


5. Situation at 1200 G.M.T. (1930 L.T.) on goth July 1949 
The progress of the boundary past Port Swettenham does not 
show in the surface winds at 1200 G.M.T. (Fig. 93). Because 
there are no further upper-wind reports, we must again rely on the 
ressure-trough method, remembering that the boundary tends to 
lag behind the axis of lowest pressure. We may then place the 
boundary close to Port Swettenham and Kuantan, both of which 
are reporting distant rain. Reports of southeasterlies and fine 
„weather from Malacca and Kuantan and stations farther south 
denote that the Trades have not yet been displaced there. Rain is 
still widespread in the north, although clearing has begun at Alor 


Star, 
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L.T.) on E. 

6. Situation at Оооо to 0500 G.M.T. (0730-1030 L. 5 

31st July 1949 -ning of | 
"The upper-wind charts for 5000 and 7000 ft. on the morn: 

the 31st show that the 


and that the mo; 


З " 
report that the Trades exist close to Singapor 
At 3000 ft. (Fig. 94) th 
1000 ft. the wind- i 


Strength of the 


tu 
€ Trades still lie over чш ay 1 
field is more confused, because with the decrea: к 
monsoon current, local Malayan winds are a 
wind at 1000 ft. over Mersing shows о 
һе Monsoon, the light northeasterly at Penang à 


Slight thunderstorm activity is re 


ikely that the altostratus sheet is related to 3 
› 
the boundary. $ 


most edge of activity. 


7. General Considerations 

The exami 
countered i 
nearly all þ 
individual 


ples we have described illustrate the difficulties en- 


n analysing low-latitude charts. The difficulties may 
© traced to the scarci 


Observations. To i i 


in occurs wholly wi 
and since many b 


at a distance from th 
must always prefer the Position į 


€ winds may be so light that the 
© trace. Then there зе], 
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trough or the distribution of rain. Frequently the trough is not 
distinctly seen and the precipitation not localised, so that the bound- 
ary might be in one of several positions. The selection of one will 
be influenced by the need for continuity from one day’s chart to the 
next, and by avoiding boundary movements which are excessively 
fast in relation to the observed wind components. 

The analysis of the equatorial weather map cannot be conducted 
with the same precision as the analysis of a chart of temperate 
latitudes. Increased reports of wind and weather may facilitate it, 
though the absence of useful pressure-wind relationships at low 
latitudes will still constitute a serious drawback. The present system 
must be considered as only an expedient ultimately to be replaced 
by a method based on new and more rigorous theories. 


155 : 


CHAPTER XIII 
Local Disturbances 


The previous chapter (XII) examined in detail the erm 
Situation from 29th to 315% July 1949, an example of a Bes. 
relatively simple to analyse. During much of the year, MEC ME 
analysis is complicated by pressure troughs too weak to be e Я 
mined from the observations of Southeast Asia's scattered station 
Winds are then frequently much lighter than those of the examp 
in Chapter XII, and although the boundaries at upper levels d 
be located by examining the wind-fields, the variations of win 
direction are so small that they make analysis at the ground very 
difficult. 

At low levels, land 
near the major land m 
significance of a low.] 


and-breeze or Sea-breeze direction which would occur in a locality 


if the air flow were negligible. Only after subtracting from the actual 
Wind observation a 


breeze or sea-breez s overa 
To estimate the significance of each observation of wind involves 
plotting, for each station, the wind observations at each hour or 


half-hour throughout the day; then the effect of local breezes 
becomes evident (Fig. 51). 


1. The Sea Breeze 


» Some solar heat may 
evaporate ground water, Most of it 


LOCAL DISTURBANCES 


from sunrise onwards, a gradient of temperature is built up across a 
coastline, with the higher temperatures over the land. As this 
temperature gradient is built up, if no immediate exchange of air 
takes place by convection, there will be no immediate change of 
pressure at the ground (р, of Fig. 95), where pressure is equivalent 
to the weight of the overlying A 

atmosphere and could vary dus cac M 2 = 
only if air were transported. РА) (Pa) 
The air in the lowest layer is | | 
warmed and expands up- ! 
wards, so that the difference | 
(рь — Рв) between pressure І 

near the ground and pressure (Ро) (Po)! ae 
at height B (Fig. 95) de- 225га та Land 
creases. Pressure (po) near the Fic. 95 Formation of the Sea Breeze 
ground remains constant, so 


that (fg) at the upper level increases. 

If the distribution of pressure with height over the sea was 
initially the same as that over the land (рл = fp), the first effect of 
solar heating would be to create a slight gradient of pressure at 
right angles to the coast at an upper level, so that pressures would 
become greater over the land than over the sea (fg > fa). Such a 
difference would cause a gentle flow from land to sea, extending 
through a deep layer, although not very noticeable in the air nearest 
the ground. The outflow lowers the ground pressure below that 
over the sea, and eventually causes a compensating low-level flow 
from sea to land—the sea breeze. It normally sets in first near the 
coast-line, though sometimes at a distance from the coast where the 
upper seaward-flowing current subsides to return landward at 


lower levels. 


The sea breeze frequently begins at different times along the 
h. blowing at right angles to 


coast, usually as a gentle wind of 5 m.p. 

the coast and, if the general flow aloft exerts no influence, increasing 
to 15 or 20 m.p.h. by the afternoon and decreasing again at sunset. 
The afternoon increase of speed involves a deepening of the sea 
breeze to about 1000 ft. above the ground. 

The sea breeze may sometimes begin nearer midday, particularly 
when the main flow of air aloft is from land to sea. Delayed sea 
breeze has special interest in tropical countries because it may take 
the form of a line-squall oriented parallel to the coast. The initial 
upper seaward flow subsides at a considerable distance from the 
y-level return current is retarded by the general 


coast and the lov yener: 
flow of the air stream, 50 that by the time the sea breeze arrives its 
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A ich has 
temperature is lower than that of the air over the land which = 
warmed by contact. Hence the sea breeze arrives with a s 


narrow valley, 


› а line squall may result. 
Whether or not the land breeze 


by the Beneral flow: if the latt 
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Land Land 


Fic. 96 Convergence and Divergence іп the Land Breeze 


the land breeze, which in turn depends on the curvature of the 
coast-line. 

When the general flow of air is negligible, nocturnal convection 
offshore is easily established. If the coast is concave towards the sea, 
the land breezes, being at right angles to the coast, converge towards 
the centre of the concavity (Fig. 96a), concentrating the seaward 
flow to undercut the sea air and create a line-squall and clouds. 
If, on the other hand, the coast is convex towards the sea (Fig. 965), 
the land breeze is divergent and, although undercutting and con- 
vection are still possible, they will be more dispersed than on a 


concave coast. 


3. Line-squalls 

Although winds are frequently light before and after the passage 
of a slow-moving boundary, they may at some point become а 
vigorous squall. If a boundary squall occurs at a reporting hour, the 
location of the boundary is readily determined, but should it occur 
between reporting hours the position of the boundary will not be 
revealed. Reports at each observing station must be watched for 
signs of squall passages, and stations should have a system for 
announcing squall warnings to a co-ordinating centre even outside 
the usual reporting hours. 

This does not mean that, in the absence of a land breeze or sea 
breeze, every squall passing a station denotes the passage of an air- 
stream boundary; isolated, stationary convective clouds are often 
accompanied by sharp squalls. When many simultaneous squalls 
from the same direction are reported at various stations in a line 
across a good observational network, the probability of their being 
due to isolated cumuli is low. If the upper winds show that a bound- 
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indicate 
ary lies across an area, the squalls may often be taken to in 
its movement. 


Let us now investigate the particular squalls of the Malayan 
region, classifying them according to their origin. 


-h. except at hill-stations, Where gusts ке 
.› they are usually associated with marked changes 


In places, most gusts of this speed 


them. At hill-stations the ratio 
flow aloft is stronger than at lo 


ccur with vigorous, local, non- 
linear squalls, It is desirable to determine how many of the squalls 
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be plotted, provided the lesser change is apparently not due to a 
local effect. Thus a weak wind change inland during the afternoon 
when convection is at its greatest should not be considered, but if 
two coastal stations record significant squalls from the sea about 
midnight, an adjacent weaker wind change of similar sense might 
be symptomatic, being contrary to the normal land-breeze régime. 

Accompanying the movement of the boundary of the 3oth July 
1949 (Chapter XII), many vigorous squalls were reported, so that 
it seems likely that the boundary passed as a true line-squall. The 
squalls of 3oth July are plotted in Fig. 98 in the following manner. 
One wind-arrow at a station shows the direction of the wind before 
the squall, with the speed in m.p.h. noted at the end of it. The other 
arrow shows the wind direction immediately after the change, the 
average Beaufort Force within the squall being shown by feathers 
on the arrow, while the value of the peak gust in m.p.h. is plotted 
to the left of the station. The local time of the wind change is given 
as four figures above the station, and below it are plotted the 
temperature drop and the rainfall, each within a certain number of 
minutes of the time of the squall passage. Thus at Port Swettenham 
on goth July 1949 (Fig. 98), the wind changed at 1930 hours L.T. 
from southerly 3 m.p.h. to north-northwesterly Force 7 with gusts 
to 39 m.p.h. Temperature fell 8? F. in 30 minutes and there was a 
fall of 0-06 inches of rain in 10 minutes. 

The isochrones appear to show that the passage on this day was 
in the form of a true line-squall. The first report of it was from Alor 
Star at 1025, which was not very much later than the normal start 
of sea breezes, but its gusts of 33 m.p.h. were abnormal for sea 
breezes and the rain was exceptionally heavy. Taking also into 
account that the sea breeze is usually from a more westerly direction, 
the Alor Star wind change appeared to indicate a line-squall, 
possibly influenced or introduced by the sea breeze. 

Two squalls occurred at Penang, the one at 1305 and the other 
at 1400 hours. The sea breeze had already developed before 1305, so 
that, although winds were stronger after the second change, the 
first change was probably the more important evidence of a line- 
squall. On the other hand, the line-squall, if it existed, was possibly 
an uneven broken line, making both changes relevant. This likeli- 
hood was supported by a report from H.M.S. Mendip (anchored at 
Penang) that the storm broke at 1235 when wind rose to Force 5 


within a few minutes. 


"There was little local indication at Penang of the approaching 


storm other than thickening cloud to the west. The storm caused 
considerable damage, many lighters being swept away from mer- 
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chant ships. The Singapore Sunday Times of 21st July gave ne 
lowing account of the storm: ‘А gale of almost cyclonic force M Ж. 
hit Penang was followed by heavy seas. . . . Ground-floor ro eU 
were flooded, and the seas that crashed against the sea-wall 5 iE 
pulted in places to 60 ft. in the alr. Streets facing the water о 
were flooded most of the afternoon. The early wind crashed tre 
across streets all over the island of Penang. Another storm, арра 
ently connected with that at Penang, hit Ipoh later and lasted fo 
about an hour.’ г. 
The upper winds over the period 29th to gist July 1949 Т 3 
shown with local times in Fig. 97. At 0730 on 29th, southerlie 
(obviously Southern Hemisphere Trades) covered Penang E 
depth of 5000 ft., while at higher levels were the westerlies oft 5 
Indian Southwest Monsoon. By 31st, northwesterlies had descende 


northern tip of S 
the Southern Hemi 
Boundary. 


Surface-wind changes at Sitiawan an 
wind changes at Port Swette 


squall moving southwards 


functioning. 


Ol a severe squall. 
Inland changes were more difficu 


is improbable that 
of the squall. 


8 upper winds of 31st at Penang and Port 
Swettenham (Fig, 97) sh he force of the squall was 
probably being diminishe i 


Details in this example show that t 
at stations may offer signifi 
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can be distinguished from isolated convectional storms. 

The relative frequency of line-squalls and ‘significant squalls’ at 
Malayan stations will now be examined for the years 1936 and 1937, 
when there was a well-distributed network of sixteen Dines record- 
ing anemometers in the Peninsula. Every ‘significant squall’ (with 

ts of go m.p.h.) passing each station was noted. For each day a 
chart has been plotted (in the manner of Fig. 98), showing the times 
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when squalls passed. Wherever possible, isochrones have рес 
drawn. This method at first appears open to the criticism that, DM 
single day under some conditions of atmospheric instability, ur 
station might ехрегїепсе several local thunderstorms Сиа 
enough to indicate ‘Significant squalls’ and render the d. 
unreliable. Such was not the case: two squalls rarely passe 3 
station in one day, so that the question of arbitrarily choosing Hr 
did not arise. When any squall passed at a time of day unfavoura 


P CS : А f 
for convection, it could be accepted for drawing the isochrones О 
squalls, 


Squalls in the Northeast Monsoon 


These diagrams revea] that squalls are rare during the Northeast 
Monsoon (November to February), and that on the east coast and 
inland (Fig. 99) only a very small proportion could þe classed as 


line-squalls. The highest frequency of squalls at this season is in the 
early afternoon as local convective storms. 


A few weak line-squalls may occur durin 
the case of Fig. 102 where isochrones may Ь 


and Singapore (Fig. 


Lot 


—_ —~ 
LocalTime 


feet 
Alor Star 10,000 E 240577) 


Alor Star “Қоға Bharu 


6000 | QU QU C v Penang Kuala 
200008872: 22 суаты Уу е Trengganu 
PO ARS 2272000 dpoh Kuala 
Sitiawan on Lipis 
Kuala Lumpur 10,000 ~ ПОЕ 22. N Желе 
6000 NS LEENAN Light 955 
3000 SSNS EAN SS АА Bukit Jeram 0-28 
1500 NSE рн; E (ere 20 


Singapore 10,000 = 
ОТЕ - С 
2000 ео FAT 
EOS II ЖУТ 


Fic. тот Upper Winds, 1-3.1.37 Fic. 102 Squall of 2.1.37 


EQUATORIAL WEA THER 


Line-squalls from the Southwest with Change of Air Stream 


Another point brought out by the frequency diagrams of F EA 
is that many early-morning squalls at Kuala Lumpur, Bukit Je 


about 20 m.p.h. The light low-level winds at Kuala Lumpur and 
Singapore were southerly to southwesterly before it passed (Fig. 103); 
and because it is unlikely that air with this orientation could es 
crossed the 8000.ft. Sumatran mountains, it appears reasonable 


to argue that the flow should consist of Southern Hemisphere 
Trades. 


Winds over Singapore chan 


(Fig. 103), which could have resulted from a change of direction 
wholly within the Trades. b 


ain or temperature fall to the north, 
Wer at Singapore. 


Line-squalls Тот the Southwest with Little Change Aloft 
Most line-squalls from the southwest 


hey consist of a practi- 
towering cumulus ог cumulonimbus, 
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isolated 
except occasionally when they may be composed of a few isola 


S ET : ned to 
storms along an uncertain line. ‘Sumatras’ are mainly confi 


the period May-September, and some similar line-squalls p 
March and November may not be so classified because they acc 
pany а moving air-stream boundary. 

On striking the w КЫ 
panied by gusts of over 50 m.p.h., and by squalls decreasing 
violence as the line 
when squalls cross 


; à decrease not wholly due to соода 
Occurs even without precipitation, a conditio 
“squall accompanies boundary movement. 
appear at night or in the early morning: 


n 
During 1936-5 the sreatest number crossed the west Malaya 
coast either between о 300 and midni 


30th. 1st. 2nd. 
Local Time $ 9 $, 
ах 
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: ies, the 
when the line-squalls might be ascribed to moving boundar ^u (cf 
land breezes were not always established before the NE 
Figs. 104 and 106), making it probable that, on nights when 


1 i TY eezes) 
evenings (which favour nocturnal radiation and early land br 
precede most ‘Sumatrasg’. 


. е 
ipating to the west and re-forming to i | 
^ а COnception justifiable Оп the ground that the low-lev 


appreciably. 

he greatest frequency of ‘Sumatras’ is in the south where, 
although the Coast is not со ; there is по likelihood of divergence 
іп the lower Winds. Divergence might be expected north of Bukit 
Jeram, Where the Straj j i 


Southeast. In the central 
› divergence would be greatest. 
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This reasoning is justified by a study of the early morning pre- 
cipitation along the coast (Fig. 35), whose frequency is influenced 
by the convective activity brought about by convergence in the 
land breeze. Highest frequencies from May to September are 
found at Malacca and Bayan Lepas (Penang), but at Port Swetten- 
convex zone the frequencies are low. 
ws in the early morning squalls from May 
whose frequencies are greatest at Malacca, 
and increasing again at Bayan Lepas. At 
х portion of the coast-line, every significant 


he region around Sitiawan is practically 
free from strong ‘Sumatras’, 
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On gth July 1937 (Fig. 111), the low-level flow at Penang showed 
that southerlies or southeasterlies, apparently Trades, covered 


also diverted Trades. ү 
At Penang, the upper-level change to northwesterlies during the 


morning of the roth represented an advance of the Southern 
Equatorial Boundary which did not r 


€ boundary, a secondary line-squall E 
ream so that the two trave 


5. The Local Problem 
Line-squalls over Mal 


Because relief influences the form and intensity of disturbances, 
the use of the Synoptic chart in detailed study of the daily weather 
must be supplemented by considering local developments, These 
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CHAPTER XIV 


Forecasting Rain 


° . . ts of 
Forecasts of rain are made by estimating probable movemen 
convergence zones and con i Е 
х in 
previous positions, allowance being made for changes in he P 
field which might influence the movements. When the lines or z 


: z 24 3 b 
аге slow-moving or stationary, predictions may be made by 
estimating the amount of horizontal convergence. 


I. Measurement of Convergence 


Maso Ты a 
The distribution of horizontal convergence and divergence may 


? 
the observed winds. In this case ‘converge aa 
ones within a stream but also convergence Шы 
(i.e. air-stream boundaries accompanied by horizontal con 
ence). The method (after F orsdyke*!) is given below and applie 
to conditions in Equatorial Southeast Asia. 


m NE > and 
(1) Break down each observed wind into the components “и” al 


'U' towards east and north respectively, and plot all the values d Ч 
and all those of v on two separate charts. Draw isopleths* of u an T 
on these charts. The observed winds at 5000 ft. at oooo G.M.L., 


113. Owing to the great diversity ie 
to draw stream-lines corresponding ї 
and v and the isopleths therefrom аге 


espectively, the units of u and о being 
with internati 


* Isopleths—generic term denoti 
element has the same 
Separate areas 
chosen value. 


8 points at which a particular 
denoting lines drawn so as 10 
clement above and below some 


value; or 


» More correctly, 
recording values 


for a particular 
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vergence lines by extrapolation from 
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Fic. 113 Observed Winds at 5000 ft., Fic. 114 Isopleths of и (in knots, Fic.115 Isopleths of v (in knots), 
оооо G.M.T., 2.1.51 (Speed in 0000 G.M.T., 2.1.51 (Positions of oooo G.M.T., 2.1.51 (Positions of 
knots) stations shown by x) stations shown by x) 
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the arrow in Fig. 114, showing whether the component is Po ai 

or negative (e.g. |+ 1-7]. Determine in this way the lc 

the gradient of v in the northerly direction and plot on Fig. : К 
(4) Оп Fig. 116 plot each component of the gradient 5 £s 

the east as found in (3)) at the positions occupied by the ЕЛ 

points of the gradient arrows. Similarly, plot each component о 


Е of 
gradient of v (to the north) on Fig. 117. Draw isopleths on each 
these charts. 


d 
(5) Trace the isopleths of F: igs. 116 and 117 on to one chart, ап 
write the algebraic sum of са, 


ch pair of isopleths at every рош 

intersection. Then draw isopleths through these values (Fig. I d 

The final isopleths obtained by this process show the атои 
divergence and Convergence (in knots per 50 miles) over the r E^. 
Positive areas are those of divergence and are generally и 
with fine weather; negative areas represent convergence, and ie 
negative values are associated with regions of heavy rain. Пер ПЕЙ 
of the field of divergence and convergence are determined t "hen 
each of the reporting hours. From these charts rain is prece m is 
convergence is great or increasing with time, and fine weathe 
forecast when divergence is marked or increasing. f diver- 

The type of weather may be correlated with the degree о ales’) 
gence or convergence,‘ and the following table (after Kin 
shows the relations (n 


Б 4 yer- 
egative values referring to cases of con 
gence). he 
а Divergence—Knots per 50 
Approximate Weather ‘Statute Miles 

Heavy Precipitation — 16 

Slight Precipitation — r6 X 10-1! to — 1.6 

Very Little Weather — r6 x 10-3 

Very Light Subsidence + 16 x 10-3 


Moderate Subsidence + r6 x 10-1 to +16 


Fig. 119 shows the amount of precipitation over Malaya for the 
24-hour period beginning 0000 G.M.T. on 2.1.51. The features 2201 
(а) An area of moderate to heavy rain over Singapore an 

Southern Johore, 


(b) The remainder of Mal 


(рэречз “ur 06.0 uey} 
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divergence shown in Fig. 118 and the distribution of rainfall in 
Fig. 119. Thus: i 
(a) The area about Sitiawan (4? N., 101° E.) was one of slight 


convergence and Kindle’s table stipulates slight precipitation which 
probably did occur. 


(b) Over the remainder of the country north of 2° N. there was 
general divergence, while the large degree of divergence in Southern 
Selangor (33° N., 10129 E.) is equivalent to great subsidence. 

(c) Fig. 118 shows convergence south of 2° М ., but as the southern- 


oh were Selangor and from Singapore to Southern 
ohore. 


d January (Fig. т 13). Similarly the slack- 


2. Reliability of Forecasts 
We have stressed the im 
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Fic. 120 Isopleths of Sum of Gradi- 


ents of и and v at 5000 ft., 0000 


Fic. 121 Observed Winds (speed in 
G.M. T., 10.1.51 


knots) and Stream-lines at 5000 ft. 
0000 G.M.T., 10.1.51 
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Fic. 122 Rainfall (in hundredths of 
an inch) fromooooG.M.T., 10.1.51 
to оооо G.M.T., 11.1.51 (Positions 
of stations shown by dots; areas of 
rainfall greater than 0:50 in 


shaded) 
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ciently well-developed to permit accurate prediction of wet days, 
showery days and fine days, and we will define these as follows: 

(1) Fine days—when precipitation occurs over less than 25% of 
the forecast area. 


(2) Showery days—when precipitation occurs over 25 to 65% of 
the forecast area, 


(3) Wet days—when Precipitation occurs over more than 65% of 
the area. 


5 to the above scale. The average 
number of days in each class was as follows: 


Туе of Day | vb. Fa M А М. " О; | 


4. S. о. М D. | Year 


Fine СО АШ Сту, тү 19 19 19 19 14 10 9 Us 
Showery SII B INN 5 Ae $ 8 12 103 
etu “0 15 98 07 7/6 


Же 8 12 по) уыш 


— 3 


‚Тыз means that, if the meteorologist’s technique had permitted 
him to forecast correctly the 171 fine days, his forecasts would have 
been. satisfactory for at least 7596 of the area. Similarly, if he had 

, ould have satisfied the inhabitants of 
land (at least 65% of the total area). 
days, which amount to nearly 30% 
Supposing that the forecaster's technique per- 

Оп these days, it must have been an 


man in the street, because only 25 0 
65% of the total area actuall Я 


СНАРТЕВ ХУ 
Equatorial Air-stream Boundaries Elsewhere 


The Equatorial Westerlies are confined to two regions. The first 
extends from the Central Indian Ocean to New Guinea, and the 
second covers a small expanse of the Eastern Pacific Ocean, 
Ecuador and Colombia. Elsewhere along the Equator the Trades 
meet in a single Equatorial Boundary, which at most times is easy 
to identify although greatly distorted. Away from the influence of 
the land masses, seasonal oscillations of the single boundary are not 
large and it is oriented roughly east-west. Near Africa and Aus- 
tralia, summer heating of the continents is so great that the develop- 
ment of monsoons broadens the seasonal oscillation by several 


degrees of latitude. 


т. West Africa 

In West Africa there exists one single boundary separating the 
Trades; those of the Northern Hemisphere are normally undiverted 
northeasterlies and, although those of the Southern Hemisphere are 
frequently turned to southwesterlies, the change is gradual and 
never sufficient for a second boundary to form at the diversion. The 
continent never becomes greatly cooled, and consequently the 
single boundary rarely passes south of 3° N. in the Gulf of Guinea, 
even during the southern summer. From the Guinea Coast north- 
wards overland, there are two wind régimes—dry northeasterlies in 
the northern winter, and wet monsoon southwesterlies during the 
northern summer. Over land at the Equator, there are two periods 
of rain associated with movements of the boundary, while farther 
south there is a single small maximum of rainfall near the end of the 


southern summer. 


During January and February, the surface Equatorial Boundary 


over the Atlantic lies along the Equator and close to the Guinea 
Coast (Fig. 124). It slowly advances northward as far as 8° N. 
during March and April. Early in the year, cooling in the Sahara 
maintains high pressures which may exceed 1022 millibars,* while 
those in the equatorial trough are about 1010 millibars. The large 
difference of pressure between the two areas causes а movement of 
185 
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January 


— Extra-tropical front 
—> Flow at low levels 


Ue Intermittent 


— — Semi-permanent boundary 
n 
100° 80° 60° 
20 


71] 
" , t : h d 
air such that northeasterlies blow fairly consistently overland nort 
of the boundary, 


At the beginning of the year, southwesterly sea breezes frequently е) 
replace the northeasterlies on the Guinea Coast, yet they never 
Teach higher than 4000 ft., above which the northeasterly is undis- 


turbed. Above 10,000 ft. there are easterlies or northeasterlies ^ 
throughout the whole year, so tha 


t the slope of the boundary is 

2 Ways upwards to the south. 
During May and June the boundary moves farther northward 
with the collapse of the Sahara High, and the axis of equatorial low- 
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July-Aug, 


Fic. 124 West Africa: Equatorial Air-stream Boundary at Low Levels 


a northeast-southwest orientation. As it advances 
ad stream of southwesterly winds follows to cover 
‘Southwest Monsoon’ when well- 
ft. over the Guinea Coast, 


pressure assumes 
northward, a bro: 
the whole region by July. This 
established extends to about 10,000 
decreasing its altitude in the north. 
From July to October, the boundary inland lies to the north of 
Nigeria and the Gold Coast, while from Senegal it curves west- 
southwestward across the Atlantic, reaching the American coast 


north of the Amazon. 


The southward movement of the boundary is rapid during 


November and December, when its orientation in the Atlantic 
is nearly east-west along 4° N., but over the Gulf of Guinea it 
bends more to the southeast to cross the West African coast about 
7° S. A renewal of the northeasterlies accompanies the movement 
of the boundary southwards. 4 4 
The seasonal differences of weather in this region are associated 
with the differences in orientation of the main wind streams. Little 
rain occurs with the northeasterlies: there are frequent heavy falls 
during the Southwest Monsoon (Table 6). Mean temperatures are 
about 80° F., and though maxima are not very high at the coast, 


they frequently exceed 100° inland. { ^» 
'The northeasterly wind, often termed the ‘Harmattan’, 1s very 
h dust or fine penetrating sand which reduces 


dry and contains muc 
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Fic. 125 West Africa: Key Map 


visibility. Relative humidity is low o 


70 
blowing, and least when it is strongest,?? The following table shows 


the frequency of days of Harmattan at Zungeru (Northern Nigeria) 
in relation to the humidity. 


15 
n days when the Harmattan 1 


TABLE 5 
RELATIVE HuwipiTv DURING T 


HE HARMATTAN 


qucm e < DRE EE СД = 


Month 


|, F. M. A. M. J. 3. A. S. О. N. D: 


22 21 IO I 


ee 


No. of Days of Harmattan ; 
Mean Relative Humidity when no 8 
Harmattan . : б “| 46 52 57 67 71 808 84 82 78 69 4 
Mean Relative Humidity when ? UE 

Harmattan Blowing . 


ОО О оо 6124120 


|37 34/36 67 — — — _. — 77 50 40 
ex - | — 
ыза TM 
The rainfall of the Southwest Monsoon is greatest on the extreme 
west coast betw 5 ING 


У. morning fogs occur during the rains 
i ow-lying forest. 


TABLE 6 
West AFRICA: MEAN MowTHLY RAINFALL IN INCHES 


Place Lat. TE F. M. А. М. 76 J: 4. 
Zungeru (inland) .| 9° 48’N.| оо | оо 0:5 2:4 | 48| 6-7 7:5 | 9:0 
Conakery (coastal) О 100240213 азер. о 0:9 | 6:2 | 220 | 51-І | 41:5 
Abidjan АР EINE IQ Nc саб” 20$ 3:9 | 49 | 142 | 19:5 8:4 | 21 
Accra |” 33 IN: [00:63] rer 0 |65472 3 70 1:6 | o6 
Calabar 5 251154958: NS o9: 1:310 2*7 6:4 7:0 | 11:9 | 15:7 | 16:9 | 16:2 
Libreville A 0° 23.11 9:8 | 092 13:2 | 13:4 | 9:6 0:5 | <:1 0:7 
Loanga 5 .| 4239'S. | 54 | 6:7 6:4 бо Зоти т 
Ascension Is. 7° 56’5.| оі | от 0:6 ІІ 02 O:0 51 as O33 6055 
Mossamedes (coastal): ТБ та 5 |5 705 Ко;2 0:7 07| 0:0 | oo| оо | oo 
CO AD ETE A RE ие 1. Кы ЗИ ЫЗЫ Е АЕ 
5 
ТАВІЕ 7 


East AFRICA: MEAN MONTHLY RAINFALL IN INCHES 


| | 
Station | Lat. F: F. M. A | M. | Я | Ж | А 
| | pow E n 
Berbera (British Somali- | | | 
land) : . | 10° 22^ N.| о-12 | 0:31 | 0:73 | 0:49 | 0:39 | 0:00 | orr | 0:05 
Entebbe (Uganda) .| 09 4'N.| 2:57| 3:57 | 6:27 | 10:08 | 9:60 | 4:77 | 3:00 | 2:95 
Nairobi (Kenya) . : 1? 16’5.| 2:01 | 281 | 444 | 795| 655 | 1:65 | 0:65 | 1°03 
Dar-es-Salaam (Tangan- 
yika) „| 62 50^S. | 276) 3:21 | 5°63 | 11-835) 7:44 | ІЗІ | 1:14 | 1°06 
Antananarivo (Mada- | 
gascar) . 5 . | 18° 55° S. | 12-81 | 10:52 | 7:02 | 2:56 | 0:90 | 0:42 | 0:30 | 0.31 


2222222... G E 


5. 0. 
108 | 3:5 
26:9 | 14:6 

2:8 6:6 

1:2 2:3 
16:3 | 12:8 

41 | 13:6 

о4| 41 

0:3 0:2 
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| 5. О 
0:03 | 0°05 
2:95 | 3'74 
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before the start of the Southwest Monsoon and these, when well- 
developed, are locally termed ‘tornadoes’. 


2. The Sudan 


The effect of the Southwest Monsoon extends far into Central 


Africa, and its influence is considerable even at Khartoum (153? М.) 
as in the following table.71 


TABLE 8 


FREQUENCY OF WINDS FROM N.-NE. AND S.-SW. AT KHARTOUM AND MEAN 
MoNrHLYv RAINFALLS 


Month | Е M. A. M. J. 7. АЗ 0. X. D: 


Percentage of Winds from N.-NE. | 939287 72 47 п 2 3 9 45 83 94 
» » » ——» S-SW. о о о 31749 74 7148 15 1-0 

о» „from Other Directions 7 8 13 25 36 40 24 26 43 40 16 
Rainfall (in inches) | Tr. Tr. 04 Tr. 12-31 2172.64 63°16 Tr. 0 


According to El-Fandy,” the mean position of the Equatorial 
Boundary (termed by him the ‘Intertropical Convergence Zone’) 
during the northern Summer is along lat. 15° М. over the Western 
Sudan. Farther east it lies at about 18° М. between Khartoum and 
Port Suda: 

Aden (Fig. 126). Over the Sudan, as in West Africa, the boundary 
slopes upwards to the South, and at 10,000 ft. a current (originally 


n, thence curving towards the southeast into the Gulf of 
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a northeasterly stream over Arabia and the Red Sea) sweeps across 
the Sudan as an easterly flow. The ground boundary is not normally 
active, and disturbed weather mostly occurs within the southerlies 
or southwesterlies hundreds of miles from it. . 

Over the Sudan and on the West African coast, the Southwest 
Monsoon is the rainy season (Table 8). During the period April- 
July in the Northern Sudan, occasional severe dust storms termed 
*Haboobs' occur. In such a storm, columns of sand often extend to 
3000 ft. or higher, while it is accompanied by gusts to 30 or 40 m.p.h. 
and, later in the season, by thunderstorms. It originates largely as 
a result of excessive heating of air over a large area for four to five 
days prior to its advent, leading to extreme instability in the 
lowest 10,000 ft.” The passage of a *Haboob' is often followed by 
а marked temperature drop. 


3. East Africa and the Indian Ocean 


In January and February, the mean position of the boundary 
separating the Trades of both hemispheres is across Northern 
Mozambique and the northern tip of Madagascar (Fig. 1272). 
East of Madagascar it curves towards the east-northeast and follows 
I2? 5. over the Southern Indian Ocean. Its position early in the 
year is across the Timor Sea, often encroaching on the Australian 
coast between Melville Island and Cape Leveque when the North- 
ern Hemisphere Trades, diverted to northerlies or northwesterlies, 
advance over Arnheim Land as a summer monsoon. 

At times between December and mid-March, the surface 
boundary over East Africa comes as far as 22° S., and frequently 
enough to influence the Madagascar rainfall. Thus at Antananarivo 
(19° S.), 75% of the annual rainfall occurs during these four 
months (Table 7). 

During the southern summer, the Southeast Trades undergo little 
diversion other than that caused in the lowest layer by relief, and 
orientation over the ocean is mainly from east-southeast. The Trades 
of the Northern Hemisphere, on the other hand, are diverted to 
northerly or northwesterly about 10° 5. (Fig. 127a), yet never turn 
sharply to form a distinct second boundary. 

'The Trades of the Northern Hemisphere nearly always overlie 
those of the Southern Hemisphere, and the slope is between 1 in 200 
and 1 in 300, often persisting to 20,000 ft. above the ground.” 

From March onwards, the boundary moves rapidly northward, 
and a general increase of rainfall extends as far as 5? N. Not all 
this increase may be attributed to convergence on the boundary, 
because there is increased convection inland associated with a 
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Fic. 127 East Africa: Equatorial Air-stream Boundaries at Low Levels 
(a) January (5) July 
decrease of winds b 
Southeast Trades aft 


: 3 o the 
efore it passes. The coast is exposed t 


pines 
er the boundary passes, so that relief сот 
With convection to prolong the rainy season. 


T Os 
The boundary moves north of 5? N. by the end of Ар! Loa 
ciated with negligible rain, and, as the Southern Hemisphere keeps 
to a more westerly orientation, a föhn effect ae 

omaliland. The westerlies or ‘Turned Trades 


In May, 
along 10° 
Equatorial 
Monsoon, 


the boundary lies along 7° or 8° 
or 12° N. farther to the east, 
Boundary marking the onset 


N. over Somaliland ue 
where it is the Nor 
of the Indian Southwe 
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Towards the end of October, the boundary passes south over 
Somaliland again, with little convergence until it nears the Equator 
in November. Increased rainfall then marks its passage, illustrated 
by the secondary maxima of rainfall at Entebbe and Nairobi 
(Table 7). A similar secondary maximum occurs at Dar-es-Salaam 
(7°S.) during December, though less pronounced because the bound- 
ary is then moving rapidly southward when the Northern Hemi- 
sphere Trades become reinforced by a northeasterly monsoon flow 
across the Arabian Sea from western India. 

It is difficult to describe the seasonal changes over East Africa 
wholly in terms of the boundary and an alternation of the Trades. - 
Away from the flat coastal belt, the country rises steeply and the 
climate falls into several regional types related to altitude. Con- 
vectional and relief effects are so great in some districts that changes 
due to the passage of the boundary may be masked. 


4. The Western Pacific 

The separate existence of Northern and Southern Equatorial 
Boundaries may be traced east of Southeast Asia. 

During January, the Southern Boundary lies along 10* or 12° S. 
north of Australia, while the Northern Boundary, intermittent in 
appearance, is close to the Equator (Fig. 128a). Between these 
boundaries are northwesterlies or westerlies diverted from the 
Northeast Trades, but cast of 150? E. the Northern Boundary never 
forms and the Trades of the two hemispheres meet without diver- 
sion. 

In the Western Pacific, the Northern Boundary is still inter- 
mittent about the Equator in March. At times during January- 
March, the Southern Boundary moves to North Australia with the 
northwesterlies constituting a monsoon which sometimes advances 
as far as 20? S., undercutting the warm air over the Australian 
continent so that the boundary slope is upward to the north. The 
monsoon season is the rainy one in Northern Australia, and 'Table 9 
shows that two-thirds of the annual rainfall at Darwin occurs then. 
. The northward displacement begins in April, and shows clearly 
in the mean monthly rainfalls of the islands of Amboina, Palau and 
Yap (Table 9). By July, the Indian Southwest Monsoon Каз spread 
eastward beyond the Philippines and, although the Southern 
Boundary maintains an east-west orientation along 5° N., the 
Northern Boundary assumes a north-northwest orientation separ- 
ating the Indian Monsoon from the North Pacific Trades (Fig. 128 b). 

Because there is mountainous country in larger islands of the 
Southwest Pacific, the boundaries are frequently distorted and 
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night or early morning and the land breeze is a major factor in their 
development. Ashton” terms them ‘coastal fronts’, and states that 
thick altostratus from their tops brings rain to coastal regions 
during the three hours after dawn. Examples have been reported 
running east-west on the northern coast of New Guinea, oriented 
north-south in the Bouganville Strait (Solomon Islands) and across 
the southern entrance of St. George's Channel in the Bismarck 
Archipelago. 


5. 'The Gentral Pacific 

Over the Pacific Ocean east of 150? E., the Northeast Trades and 
the Southeast Trades meet along a single Equatorial Boundary. 
Intensity of cloud varies greatly from time to time, and rarely pro- 
duces a continuous line. 

The slope of the boundary is probably near-vertical during most 
of the year, but small temperature-contrasts recorded suggest? that 
the slope is upwards to the north early in the year. 

Between 150? E. and 180°, the boundary is oriented east-west, 
and moves regularly with the seasons, its mean position being 10? N. 
in August and ro? S. from January to March (Fig. 128a and 6). 

East of this region, the equatorial low-pressure trough and the 
boundary always curve towards the northeast and seasonal move- 
ments are slight, the trough never coming farther south than the 
Equator.77 Despite this, bad weather is not confined to the northern 
tropics and there are two semi-permanent lines of disturbed 
weather in this part of the Pacific: the more northern is without 
doubt the Equatorial Boundary, because there are consistently 
northeasterlies on one side of it and southeasterlies en the other. To 
determine the origin of the other line involves an extra-equatorial 
genesis, because through a great part of the year it separates two 
Southeasterly streams, each of which flows from the Southern 
Hemisphere (Fig. 1282). ; . 

In the Eastern Pacific Ocean, a semi-permanent anticyclone is 
maintained through the year by a series of migratory anticyclones 
crossing Australia and the Southwest Pacific. In the trough of low- 
pressure separating each pair, there is normally ап eastward- 
moving cold front lying along an arc of which a meridian consti- 
tutes а chord.** To the north of the anticyclonic belt, where the 
main wind streams are between northeasterly and southeasterly, 
these cold fronts trail backward to assume an cast-southeast orienta- 
Чоп. As successive migratory highs go to swell the semi-permanent 
Eastern Pacific Anticyclone, the trailing prolongations of the meri- 
dional fronts maintain a fairly permanent. line of disturbed weather 
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TABLE 9 


West РАсгс: MEAN Момтніү RAINFALL IN INCHES 


Place JE F M. A M. F: wf A, 5, О. 

Guam 4'12 | 2'45 | 2:02) 1°70) 421| 572 | 12-14 | 15:24 | 13:10 | 10-79 
Oloilo 2:35| ГЗІ| 0:88 | 2:28| 6-48 | 10'19 | 14:09 14:61 | 13:27 | 11:66 
Yap 5'99 | 4'76 | 552| 701! 9:90 | 8:79 | 16:04 | 16:06 | 15:79 | 14:68 
a Palau 13°30 | 5'00 | 5:30) 7:80 | 13:30 | 12:30 | 18:30 | 15:30 14:00 | 11:50 
Manokwari 13:06 | 7:87 | 13:27 | 12:33 | 733 | 68І| 536| 586 5°75 | 595 
Amboina 5'42 | 445 | 5:20 | 11°70 | 22:48 | 25:44 | 27-08 | 22:83 | 10:44 | 7-48 
Waikaboebak 13:70 | 12:30 | 1410) 4:80 | 3:30 | 0-80 | 0-70 | 1:50 | rgo| 2:60 
Darwin 15:87 | 11-42 | 1250 | 2:29 0:27 | 0:19| 0:00] ooo 0:56 | 2:11 
Ара 23°14 | 14°46 | 14-89 | 9:90 | 715| 3:54| 292! 442| 638| 8-16 
Suva 11:93 | 17:09 | 13:13 | 12.36 | 3°78 | 8-01 | 7:58 | 6-48 | 13:54 


: 5 12:22 
| 
А талан ЕЗЕРА нши. eS WE n i| ушШ 


Year 
7:68 | 5'21 | 84:38 
8:72 | 5:02 | 90:86 
11:10 | 10°34 | 126:07 
12:00 | 14-00 | 14210 
685| 9:17 99:61 
3*74 | 5°24 | 15r32 
8:40 | 13:50 | 77:60 
5:95 | 736, 58:52 
12°34 | 13:93 | 122:23 
12:87 | 13°96 | 134:05 


| 
| 
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TABLE IO 


CENTRAL AMERICA: MEAN MONTHLY RAINFALL IN INCHES 


Place | Lat. GEN МЕК JV Gol Ич ian pans fe A) oy ed р, |6: | 0. | Ni Рр: 

Í "Em: E k 
San José | 9° 56'N.| 0:35 0-20 | 0:55 | 217! 8:70 | 10:32 | 8:07 Se 13:20 | 13:20 | 4:84 
Georgetown 4 | 6° 50’ N.| 9:97 | 4°49 | 5:11 | 6:20 | 10:79 | 12:46 | 10:48 | 7:85 | 2:63 | 3:79 | 415 
Paramaribo | 5? 49' Na 7:90 | 5:01 | 7°31 | 10:08 | 10:59 | 11:68 | 9:45 | 7°52 | 3:12 | 3:36 | 3:89 
Quito | 07 13’ S. | 497 4°86 | 6-46 | 6:59, 556, 2744| 095 59 3-78 | 5:47 | 3°85 
Тогі-Аѕѕй . 5 21 1°43 S.| 531 | 12°79 | 15:82 | 15:82 | 13:41 | 8:53 | 604| 3117 | 0:72 | 0:42 | 0:63 
Taperinha . - | 2° 25' S.| 5:33 9:70 | 14:21 | 14-19 | 11:59 | 780| 4'21 | 1:88 БЕЛ; | 1:90) 2:99 
Manaus . ; . | 9?08'S. 1092 | 9:89 | 12:55 | 11:26 


| 8-71 | 3:72 | 2:05| r83| 2:53 | 439| 6-43 
Зеппа Madureira | 9° 08’ S. | 12°12 9:90 | 10:32 9:46 | 4:59 2:67 1:16 2.01 | 6-54. | 8:11 8-00 
| | | | | 
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д 8; 
south of the Equator and east of 170? Е. (YZ of ru 1254 p 
this is sometimes called the *Polar Front’. The Sou iame е, 
flowing on either side of it аге normally of Tropical Mari Баа И 
and often the more northern stream is turned toa d misto 
early in the year (Fig. 1282), when the air to the north pen 
i ince it frequently develops m 
d convection. At such E EN 
orientations of the Streams on both sides of the front indica fall 26 

; borne out by the variation of mean monthly rain: 


is slightly 
€rnmost position of the polar s si 
north of Suva during March, its incidence showing in the 


iji, being 
(Table 9), but the effect 15 masked because eastern Fiji, 


ional 
2 : ectiona. 
exposed to the "Trades, experiences a high frequency of convi 
Showers throughout the year. 


6. South America 


than a few degrees south of the 
Sometimes reach 10° S. Areas s 


Single indistinct maximum of 


Isthmus of Panama and th 


А 5. an 
northward across the Guiana territories during June and Ju an 
Tecrosses them when travelling southward during Novem gs. 

s double passage is seen in the 


'casterly Waves’, see Chapter УП. 
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sl (5) July 
Fic. 129 Central America: Equatorial Air 
is turned to southwesterly or 
Air-stream Boundary, appear- 


-stream Boundaries at Low Levels 


EE the southeasterly stream 
E ы: а Southern Equatorial 

ащ divides the true Southeast Trades from the 
structure si yamie (Fig. 129b). Here there is a boundary 
aN m ar to that of Equatorial Southeast Asia, that of South 
frequentl cing less permanent. During the northern summer 10 15 
Non y marked by convection, but during the southern summer 
-existent, an Equatorial Westerly stream rarely being found. 
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Coding and Plotting 


1. The Code Form for Land Stations 


Я А ic weather 
The symbolic form of the international code* for synopti 
Stations is as follows: 


RRT,T,) 

HT {Ty Маат VVwwW PPprr N,CrhCyCy (60,арр) (7RRT Te 
(8N,Ch,h,) (9S,S,s,s,) 

Note: The first five groups are always reported. is identi- 

he groups in brackets are optional, but their PM 3 

fiable in each case by the first figure which is an indica: theast Asian 

Those symbols underlined are peculiar to the Sou 


ссиру these 
г B [e] 

region. In other parts of the world, different elements 

positions, 


А specimen Coded report {5 On p. 210. 


2. The Elements of the Code 
The meanings of the Separate symbols are as follows: 


ber 

iii Station Number: Each station has a RAE с 

from which the origin of a report may bede tions in 
See Table Т for the numbers of selected sta 
Equatorial Southeast Asia. heit 

Dew-point Temperature їп whole degrees Fahren 
Some countries report in degrees Centigrade). 


red. 
mount of Cloud in eighths of the sky AUT 9 
Le N = 0 is clear sky, N = 8 is overcast and cloud 
signifies that the sky is obscured or that the 
amount cannot be estimated because of darkness. 


ind 
Оп (in tens of degrees) from which the We 
= 00 is calm; dd = от signifies tha m 
po euro GELS cba аи wind fro 
180° (i.e, а Southerly), 


Wind speed in knots, 


N Total A; 


dd 
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Visibility according to the scale in Table II; here only 
certain values have been included from the complete 
visibility scale. 
Present Weather according to Table-III. 
Past Weather according to the scale of Table IV. 


Pressure in millibars reduced to mean sea-level; in- 
cluding the tenths of millibars but omitting the 
hundreds or thousands. Thus PPP = 103 represents а 
pressure of 1010:3 millibars; PPP — 964. is a pressure 
of 996-4. millibars. 


Air Temperature in whole degrees Fahrenheit (or 
Centigrade). 


Amount of the lowest cloud, the height of which is 
reported by h. N, is in the same scale as N. 


Type of low cloud according to Table V. 


Height above ground of the base of the lowest cloud 
according to Table VI. 


Type of middle cloud according to Table VII. 
Type of high cloud according to Table VIII. 


The indicator showing that this optional group is being 
reported. 


Direction from which the lowest cloud is moving accord- 
ing to a scale of eight points; i.e. D, = 1 means from 
northeast; D, = 2 is from east; D, = 8 is from true 
north; D, = o signifies that the cloud is stationary, 
and D, — 9 denotes that the movement is variable. 


Characteristic of the Barometric Tendency in the three 
ion. The way т 


hours preceding the time of observati і 
which the barometer has risen or fallen is described by 
this figure according to Table IX. 

Barometric Tendency: The amount, in tenths of milli- 
bars, that the barometer has risen or fallen during the 
last three hours; ie. pp — !4 represents a change of 
1:4 millibars, and the sense of the change is shown by 
the code figure for a. 
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i i is being 
An indicator showing that this optional group is 
reported. 


i ainfall 
Amount of precipitation according to BRAT E um 
is normally measured in inches, and the rea Ту о 
be converted to millimetres by zu Spi 9) E 
It will be noted from Table X that, E. EE 
probable range of rainfall, the code figure 1 
with the actual rainfall in millimetres. 
The procedure in Southeast Asia is than aod 
(а) at 0000 hours (G.M.T.), RR паа e 
of rainfall in the preceding twenty-four m M RR 
(b) at all other synoptic reporting оодо Hours 
represents the amount of rainfall since 
(G.M.T.). 


re of the day in 
The Maximum or Minimum Temperature a "report m 
whole degrees Fahrenheit (some poe this code 
degrees Centigrade). The керо нр diets 
clement is peculiar to the region of Sou 


is being 
д is 
An indicator Showing that this optional group 
reported, 


he 
Е ighths. Т! 
Amount of the Significant Cloud Daystin ны fi 
significant cloud-layers are: 0,000 ft. 
(1) The lowest layer of cloud below 2 
Covering more than half the sky. low the layer 
(2) The lowest layer of cloud, if any, be 
given in the Preceding specifications. ore than 
(3) Ifnolayer of cloud below 20,000 ft. oe ae lowest 
half the sky, the significant cloud layer is 
layer of cloud below 20,000 ft. 


1 
Types of Significant Cloud according to Table Х 


d 
х ощ 
Height above Station of the Base of the Significant ae 
according to Table XII. If the cloud base is de figure 
two of the heights given in the Table, the code 
for the lower height is reported. 


This Sroup is used to re 
directions of clouds а, 
of thunderstorms, ( 
Meteorological с 
tion Météorologi 


as 
port special phenomena pr. 
nd particulars of fog ban jc? 
Details may be found in ЕН 
Odes, Publication No. 9, Organ 
que Internationale.) 
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3. Code Tables 
; Table I: Station Numbers—iii 


Thailand 564 Phuket 
Sumatra oo1 Sabang 


Singapore 601 Penang 035 Medan 
and Malaya 603 Alor Star 163 Padang 
615 Kota Bharu 221 Palembang 
619 Kuala Trengganu 241 Banka 
620 Sitiawan 249 Billiton 
647 Kuala Lumpur Borneo 509 Tarakan 


583 Pontianak 


657 Kuantan 
633 Balikpapan 


660 Port Swettenham 
665 Malacca 

674. Mersing 

694. Singapore (Kallang) 


Sarawak 413 Kuching 
and North 465 Labuan 

| Borneo 471 Jesselton 

491 Sandakan 


| 
Table II: Visibility —VV 


Code Figure Distance Code Figure Distance 
| | Т 20 yds 16 2 mls. 
| Е бо , 24 3» 

1 Х5 IO0 5 32 4 » 
90 <220 › 40 5» 
or 220 , 48 6 » 
02 440 » 80 I0 55 

| 04 880 , 81 12 » 
| o8 1 ml. 82 24 » 
| 7 77% 11 mls. 83 36 » 


Table III: Present Weather—ww 
fog, duststorm, sandstorm ог 


Ww = от to 19: No precipitation, s э 
f'observation or during 


drifting snow at the station at the time o 
the preceding hour. 


Code 
Figure Meaning 
99 Cloud development not observed. | 
S Clouds generally dissolving or becoming less developed. 
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02 State of sky on whole unchanging. 

03 Clouds generally forming or developing. «e 
94 to o9 Details of haze, smoke or sand reducing visibility. 
10 Mist. 

11 to 12 Shallow fog, 


13 Lightning visible but no thunder heard. A 

14 to 16 Precipitation within sight but not at station. 

17 Thunder heard but no precipitation at station. 

18 Squalls during last hour. f Е t 

19 Funnel clouds (water-spouts, etc.) within sight during las 
hour. 


А қ л our but 
WW — 20 to 29: Phenomena at station during preceding h 
not at time of observation, 


Code 
Figure Meaning 
20 Drizzle. 
21 Rain. 
22 to 24 Snow or freezing rain. 
25 Showers, | 
26 to 27 Snow and hail showers, 
28 Fog. , 
29 Thunderstorm, with or without precipitation. 
WW = 30 to 39: Duststorm, sandstorm or drifting snow. 
Code 
Figure Meaning ing. 
30 Slight or moderate duststorm or sandstorm, RET. 
31 3:985; » » » 2, NE 
а пр. 
32 » » » » » 9272 EU 
33 Severe duststorm or sandstorm, decreasing. 
34 » 9»  » unchanging. 
35 > » »  » increasing. 
36 to 39 Drifting snow, 
WW — 40 to 49: Fog at time of Observation. 
Code 
Figure 2 Meaning 
40 Fog in distance, 
41 


» » patches, 
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42 Fog becoming thinner, sky discernible. 

43 » „ ji „ not discernible. 
44 , unchanging, sky discernible. 

45 » c , not discernible. 

46 „ becoming thicker, sky discernible. 

47 » 3 » not discernible. 


» 
48 to 49 ,, depositing rime. 


WW = 50 to 59: Drizzle at station at time of observation. 


Code 

Figure Meaning 
2 Drizzle, slight intermittent. 
ES d , continuous. 

„ moderate, intermittent. 

53 » гр continuous. 
54 „ ісе, intermittent. 
55 continuous. 


» » 
56 to 57 » freezing. 

„ and rain, slight. 

moderate or heavy. 


» » 


ww = с; 5 А H 
w = бо to 69: Rain at station at time of observation. 


Code 
EN Meaning 
d Rain, slight, intermittent. 
62 » » continuous. 
63 , moderate, intermittent 
64 » ». continuous. 
БЕ » heavy, intermittent. 
66 to 6 » К continuous. 
9  , freezing or with snow. 


ww = 70 to 79: Solid precipitation (such as snow) not in showers: 


Ww — 80 to 99: Showery precipitation, or precipitation with recent 


or current thunderstorm. 


Code 
Figure Meaning 
до Rain showers, slight. 
I moderate or heavy. 


» » 
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82 Rain Showers, violent. ‹ ? Г | 
83 to go Showers of snow or hail with or without E in д; 
91 Thunderstorm during preceding hour; slight га: | 

of observation, ОА 
92 Thunderstorm during Preceding hour; moderate о; | 

rain at time of observation, e meet 
93 to 94 Thunderstorm during preceding hour; snov 

time of observation, 


Я in at time of 
95 Thunderstorm, slight or moderate, with rain a 
observation, Пн рай ао пеной 
96 Thunderstorm, slight or moderate, wi | 
observation, Е bservation. || 
97 Thunderstorm, heavy, with rain at e at time of | 
98 hunderstorm, with duststorm or san | 
observation. : rvation. 
99 Thunderstorm, heavy, with hail at time of obse 
is used. 
Note: In general the highest applicable code figure | 
Table IV: Past Weather—W | 
Соае \ 
Figure Description 
о Сісаг, ог few clouds, 
I Variable Sky, 
2 Cloudy ОГ Overcast, 
3 Sandstorm, duststorm or drifting snow. 
4 Og or thick dust haze, 
5 Drizzle, 
6 Rain, 
7 Snow, 
8 Shower(s). 
9 hunderstorm, 
Table y. Types of Low Cloud—C,, 
Code 
Figure Description 
о 


I cumulus (cumulis humilis) ring. 
2 ‘umulus of Considerable development, generally ade. 
3 umulonimbus with indistinct tops which are-not cirri 

or anvil-shaped, 
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Stratocumulus formed by the spreading out of cumulus. 

Stratocumulus not formed by the spreading out of cumulus. 

Stratus and/or fractostratus, but not fractostratus of bad 
weather. 

Fractostratus and/or fractocumulus of bad weat 
usually under altostratus and nimbostratus. 

Cumulus and stratocumulus other than those formed by the 
spreading out of cumulus; with bases at different Ed 

Cumulonimbus having a cirriform top, often anvil-shaped. 


her (scud), 


Table VI: Height of Lowest Cloud —h 


Height in Feet 

0- 150 
150- 500 
300- 600 
600-1000 
1000-2000 
2000-4500 
3500-5000 
5000-6500 
6500-8500 

No low cloud. 


Table VII: Types of Middle Cloud —Cy 


Description 
No middle cloud. 
Thin altostratus. 
"Thick altostratus or nimbostratus. ) 
Thin altocumulus, cloud elements not changin; 
a single level. 
Thin altocumulus in patches; 
changing and/or at more than О: 
Thin altocumulus in bands or in a 
over the sky and thickening. | 
Altocumulus formed by the spreading О 
Altocumulus and altostratus at same Ог 
Altocumulus castellatus. Pe , 
Altocumulus of a chaotic sky, generally at different levels; 
dense cirrus patches are usually also present. 
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Table ҮШ: Types of High Cloud —Cy 


Lo Description | 
8 A EUR VEM scattered and not increasing (often ‘mares | 
i ot 
2 D ies in patches or twisted sheaves usually E 
T д i at 
3 On anvil-shaped, either the remains of a cumu 


s lonimbus. 
nimbus or portions of an existing distant Md idi pene | 
4 Cirrus (often hook-shaped) gradually spreading 


ing. ( 3 ly s reading 
5 Grate With or without cirrus; gradually Ap 45 
and thickening, but the continuous layer | 
altitude, spreading 
6 Cirrostratus, with or without cirrus; ges pet 45 
and thickening, and the continuous laye 
altitude, Ln 
7 Cirrostratus covering the whole sky. d cirrocumulus), п 
8 Cirrostratus (with or without cirrus ЗЕ 52 i NM 
increasing and not covering the whole К cirrus ог cirro 
9 Mainly cirrocumulus (with or without som 
Stratus), 
Р —а 
Table ІХ; Characteristic of Barometric Tendency: 
Code 
Figure Specification 
о Rising, then falling. T lowly. 
1 Rising, then steady; or rising, then rising more $ 
2 Unsteady, x 
3 Steady or rising. — n rising more 
4 Falling or Steady, then rising; or rising, the 
rapidly, 
5 Falling, then rising. улу. 
6 Falling, then Steady; or falling, then falling more slo 
7 Unsteady, 
8 Falling. с 11016 
9 Steady 9r rising, then falling; or falling, then falling 
rapidly, 
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Note: In code figures 0-4, the present atmospheric pressure is 
higher or the same as three hours previously. In code figures 5—9, 


the present atmospheric pressure is lower than three hours pre- 
viously, 


Table X: Amount of Rainfall—RR 


Code Code 
{ Figure Specification Figure Specification 
00 Nil 91 o'r millimetre 
от I millimetre 92 0-2 2 
02 2 millimetres ОИСЕ" 
зо ОЬ 95 о millimetre 
54 54. millimetres 96 o:6 tp 
55 55 35 97 Trace of rain 
56 60 5 99 Unreliable measurement 
| 57 70 " 
Го m 


100 millimetres 


Table XI; Types of Significant Cloud —C 


Gode Code 

Figure Type Figure Type 

I Cirrus 6 Stratocumulus 

2 Cirrostratus 7 Nimbostratus 

3 Cirrocumulus 8 Cumulus or fractocumulus 
4 Altocumulus 9 Cumulonimbus 

5 Altostratus | о Stratus ог fractostratus 


Table ХИ: Height of Base of Significant Cloud —h,h, 


Code Code 

Figure Height in Feel Figure Height in Feet 
оо < 100 81 9000 : 
от тоо 83 10,000 

02 200 84 13,000 

03 300 85 16,000 

ЧӨ aod 86 20,000 

79 1900 

8о 8000 
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4- Specimen Coded Reports 


- | 
The following are two examples of coded reports and jute | 
coded plain-language versions, For simplicity all the optional gr ) 


have been omitted. 
HIT, Nddf — VVwww ррргт № Ch Cy Cu 
(а) 61576 80415 32638 09786 6732x 
(b) оот72 — 61802 82030 11280 42506 


The meaning of report (а) 
Station: Kota Bharu 
Dew-point: 76° Е. 

Total Cloud Amount: 8 eighths 
Wind Direction: from 40? 
Wind Speed: 15 knots 
Visibility: 4 miles 


Present Weather: Moderate con- 
tinuous rain 


Past Weather: Showers 


The meaning of report (5) is as 

Station: Sabang 

Dew-point: 72° Е. 

Total Cloud Amount: 6 eighths 

Wind Direction: from 180° 

Wind Speed : о knots 

Visibility: 24. miles 

Present Weather: Clouds gener- 
ally forming or developing 


Past Weather: 


Clear ог few 
clouds 


| 
| 
1 
i 


is as follows: 


Pressure: 1009:7 millibars 

Temperature: 86? Е. 

Amount of Low Cloud: 6 eighths 

Type of Low Cloud: Fs or Fc of 
bad weather 


: to 
Height of Low Cloud: 600 
1000 ft. 


а ick 
Type of Middle Cloud: тыс. 
Аз ог № 


п 
Туре of High Cloud: Unknow! 


follows: 

Pressure: 1011:2 millibars. 

Temperature: 80° Е. E 

Low Cloud Amount: 4 А 
i u 

Low Cloud Type: Towering » 

Height of Low Cloud: 2000 

3500 feet 
Middle Cloud Type: Nil 


ing 
High Cloud Type: Cs «реа үү 
and thickening and exce 
45° altitude 
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5. Plotting 
The procedure for plotting the synoptic chart is as follows: 


(а) Find the position of the reporting station on the blank synoptic 
chart and draw a circle of approximate diameter $ to 36 inch. 


(b) Inside the circle mark in the total cloud amount (N) according 
to either of the scales shown in Fig. i. (In the examples herein 
the second scale is adopted.) 


(0006000008 
ооо®ФФоФФ@Ф@Ф® 


i Symbolisation of N 


(c) Draw an arrow towards the station circle from the direction of 
the wind. 


(d) On the end of the arrow make ticks to denote the Beaufort 
Wind-force, a small tick for Force 1 and a longer tick for 
Force 2. The coded version gives wind speed in knots so that, 
before plotting, this must be converted to Beaufort Force as 


follows: 
Speed, knots А „| 2 |05 | 9 | 14| 59 ЕЕ 44 | 52 | бо 
Beaufort Force . gil =] g 4| 5 6| | 8| 9|10| 1r 
Сн 


(e) The Iun, Rer the E. TT См PPP 
are then grouped aroun e circie in 
the order shown in Fig. ii. Symbols are VVww(N) 
used for plotting ww, W. Cy, Су, Cn 
(see Fig. iv); the other "elements аге тата CLNn W 
plotted in the code figures. h 
ii Plotting Model 


APPENDIX А 


(f) Present-weather symbols corresponding to the various code 
numbers (ww — 00 to 99) are shown in Fig. iv. These are 
always plotted just to the left of the circle, except when ww — 
90, 01, 02 or 03. In the latter cases, no symbol is inserted in the 
normal position for ww, but certain strokes are made about the 
station circle as shown in Fig. iv. 

(g) It is advantageous to plot certain elements in black and others 


in red, but in the examples shown herein, one colour has been 
used throughout. 


6. Examples of Plotted Reports 


The plotted versions of the 


coded reports previously given for 
Kota Bharu and Sabang are sh 


own in Fig. iii, 


22 


Ж. 8 о 11- 2 
86 09-7 82 
32, 6 ү TA У; 
бр 
ІЛ 3. 5 
iii Plotted Weather-reports 
(a) Kota Bharu (b) Sabang 


7 Ргодесёеа Code Changes 

At the 1953 Session of the Commission for S 
of World Meteorological Organisation, 

recommended”: for general adoption: 
iii Маат VVwwW PPPTT N,C,hCyC,, Та» (7RRjj) 
(8N,Ch,h,) (95,5,5,5,) 
Note: j 3,3, —When ja= о — 8, this designates the barometric 
tendency according to Table XIII. Then; į ives 
the value of the change in the last eee in 
tenths of millibars, When Ja = 9, the meaning of 
2 JpJp 18 as fixed by international agreement, 
Jj—Representation fixed by interna; 
different regions of the world. 

VV—Code in Table XIV. 


ynoptic Meteorology 
the following code form was 


tional agreement in 


mb or cf Was also decided that, in 
poten reports, a small tick on the wind-arrow should а Hore 5 
nots and a large tick 10 knots, : 
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2) 


) 


ДІР |) 


ЗІНІ 
DEI 


9) 
IS 


3/3 
ЕРІ 


10 |< |+ + (© 


20| 9)| +) 


30 [511-5 


iv Symbols for Plotting Individual Observations 
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Table XIII: Characteristic of Barometer Tendency—ja 

Code 

Figure Specification 

o Increasing, then decreasing. 

I Increasing, then steady; or increasing, then increasing more 
slowly. 


2 Increasing (steadily or unsteadily). 


Decreasing or steady, then increasing; or increasing, then 
increasing more rapidly. 


4 Steady or unsteady, atmospheric pressure the same as three 
hours ago. 

5 Decreasing, then increasing. 

6 


Decreasing, then steady; or decreasing, then decreasing more 
slowly. 


Decreasing (steadily or unsteadily). 


on 


Steady or increasing, then decreasing; or decreasing, then 
decreasing more rapidly. 


Note: In code figures 0-3, the present atmospheric pressure is 
higher than three hours previ 


ously. 
In code figures 5-8, the present pressure is lower than three hours 
previously, 


Table XIV: Visibility (VV) and Height 


of Significant Cloud (hgh,) 
Code VV in hh,in Code VV in hh, in 


‹ Code VV in — hh, in 
Fig. yds. Л. Бір. тіз Ур Fig. тіз, fe 
00 <110 <100 51 to 55 not used 82 25 40,000 
от IIO тоо 56 38 6000 83 281 45,000 
02 220 200 57 4% 7000 © ОС M Аус» 
°з 330 зоо Be „баб Dun 89 43i 270,000 
04. 440 доо 78 174 28,000 

05 550 500 79 18 29,000 


ie да do 80 18% 30,000 
50 5500 5000 81 21$ 35,000 
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APPENDIX В 
Symbols on Synoptic Charts 


A. Air-stream Boundaries: 


(т) Convergence Line. А particular 
case of air-stream boundary -и- —— —— —— —— 
whenconvergenceis assumed 
from cumuliform build-up. 


(2) Air-stream Boundary with 
stratiform cloud. 
(3) Inactive Air-stream Boundary 
Or опе оп Which types о 


cloud unknown. 


B. Disturbances within a Stream: 


(1) Convergence Zones 
—Moving 


—Stationary 


(2) Shear Lines 


—Moving ————— 


—Stationary кш = т=н 


С. Doldrums: Doldrum edges are 7 
marked by the appropriate 
line-symbol from Scale A 
above. 
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APPENDIX B 
D. Intertropical Front: Outside latitudes 10? North and ro? South 
a double line is drawn, cloud structure being denoted by 
the method employed with Air-stream Boundaries: 


(т) Cumuliform SS Е == 


(2) Stratiform = 


(3) Inactive ————————— 


19. 
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Index 


A 


Acceleration and airflow, 77-8 
Adiabatic lapse-rates, 23, 26-7 
Africa, East, 191-3 
Central, 190-1 
West, 185-90 
Air-mass analysis, 20, 89-90 
Air-masses, 20, 89-90 
boundaries of, 89-97 
identification of, 89-90 
sources of, 89 
transformations in, 89-90 
„types of, 89-90 
Air-stream analysis, 92, 95-100, 
Ai 143-55 
r-stream boundaries, 97-101, 
120-1, 129-41, 185-99 
cloud-structure of, 98-9, 110, 
113-25 
determination of, 97-100, 143-55 
displacements of, 99-100, 140-1 
mean positions of, 129-40, 185-99 
mu at, 48, 50-60, 185-99 
Slope of, 102—0, 116, 122-3, 
m 138-40, 186, 190, 195 
A r-streams, 20, 91—100 
ltocumulus castellatus, 43 
s. RA 187, 198-9 
4 Sis of charts. X ух 
ticyclones, dci. 
cold, 4, 9 
1n general circulation, 3, 4; 91; 
92, 195 
Atmosphere, 
general cir i — 
PR eee of, 2-4 


unstable, 23— 
Australia, [3 iE = 


B 


В 3 
коне ргеззиге, 5ее Ргеззиге 
neo, rainfall of, 53, 60-1 
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с 


Cambodia, 50-6 

Central Pacific, 195-8 

Charts, analysis of, 20, 21, 143-55 

China, 7-9, 89 

China Sea, 37, 88, 91, 127, 141 

Clouds, 37-44 

formed by convection, 37-41 

formed by orographic ascent, 
41-2 

formed by shear, 42-3 

formed by spreading cumulus 
tops, 43-4 

formed by turbulence, 42 

on air-stream boundaries, 44, 
119-17, 122-5 

Coding of weather-reports, 200-10, 
212-14 

Cold fronts, 110-12, 114-15 

Cold squall, 40, 170 

Condensation, 37, 45 

Conditional instability, 24-5, 28-9, 
34 93 

Continental air, 89-90, 94 

Convection, 39, 

Convergence, 21, 40, 88, 96-7; 110, 
117-25, 127, 150; 159, 168, 172, 
178-83 

zones, 121, 127, 134 

Coriolis force, 72 

parameter, 74-5» 85-7 

Cumulonimbus, 38-49; 70-1, 
118-27, 160, 168-72 

Cyclones, 4-8 

areas, 5- 
eye of, 6 
formation of, 5-6 
frequency of, 
recurvature of, 6-8 
signs of, 5-6 
tracks of, 5-8 
Cyclostrophic component, 7. 5-6 


INDEX 


D 
Deflection of moving air-particles, 
3; 72-4 
Depressions, 


in the general circulation, 3, 4 
tropical, 5 
Discontinuity, slope of surface of, 
102-109 
Diurnal variation of. 
clouds, 39-40, 42-4 
clouds on air-stream boundaries, 
128—5 
position of air-stream boundaries, 
126 
pressure, 13—14, 80 
rainfall, 48, 67—71 
showers and thunderstorms, 45-6 
temperature, 16-17 
Divergence, 40, 88, 96-7, 159, 172, 
178-83 
Doldrums, 2, 128 
Down-currents, 41, 119, 172 
Dry adiabatic lapse-rate, 23 


E 


East Africa, 191-3 

Easterly waves, 87-8, 127, 198 

Eastern Pacific, 198-9 

Entropy, 25-6 

Equatorial region, 1 

Equatorial westerlies, 100, 130-1, 
135-9, 185, 192, 199 


E 


Fog, 35-7, 188 
distribution of, 35 
radiation, 35-7 
Sea, 37 

Fóhn effect, 70 

Forecasting rain, 178-84 

Fronts, 20, 100, 110-15 
cold, 110-15, 195 
slope of, 108 
warm, 111—15 


G 
General circulation of the atmo- 


sphere, 2—4, 129-42 
Geostrophic wind, 72-6, 78-9, 82 
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Gulf of Guinea, 185-8 


H 


Haboobs, 191 

Harmattan, 187-8 

High, Siberian, 4, 9, 11, 14, 89, 91 
Highs, 4, 13 

Humidity mixing-ratio, 26-7 
Hurricanes, 6 


Gradient wind, 74-6 


I 


Indian Ocean, 8, тт, 91, 92, 191-3 
Indochina, 7, 11, 51-6, 127, 129 
Induced squall, 126—7, 174-6 
Instability, 23—5, 43, 93, 110 
Intertropical front, 1, 8, 100, 130-8 
Inversions, 23, 36-8, 93 
Isallobars, 79-81 

Isobars, 20, 77-9, 85-8 
Isochrones, 160 

Isopleths, 178 

Isotherms, 22, 29, 85-8 


L 


Land-breeze, 97, 124-6, 158-9 
Lapse-rate, 23-4 

adiabatic, 23 
Line-squalls, 126-7, 157-76, 194-5 
Local effects, line-squalls due to; 

166, 168-74. 

rainfall due to, 48, 51, 58, бо, 91 

Lows, 3-8, 12 


M 


Malacca Straits, 97, 134, 138, 141» 
170 

Malaya, rainfall of, 58-9 

Maritime air, 89-92, 198 


| 

Java, бо, 92, 135 

к 

Katabatic winds, 125, 158 

Mode of rainfall totals, 61-2 


ни 


INDEX 


Monsoon, North-east, 9-12, 16, 42, 
51-61, 65, 70, 88, 92-4, 97-8, 
100, 130, 134-41, 166 

onset of, 9 
South-west, 8-12, 14, 41-2, 50- 
61, 63, 65, 71, 88, 92-4, 119, 
129-42, 168-74, 187-91, 193 
weather of, 12, 50-61 
Monsoons, 8-12, 84 


N 


Northern Equatorial Air-stream 
Boundary, 100, 105-9, 129-41 
Nuclei of condensation, 45 


[9] 


Observations, representativeness of, 
15,17, 19, 21, 154, 160, 162, 18. 

Occlusions, I11-15 t ee 

Orographic effects, 41-2, 121-2, 
141, 160, 162, 166, 193 


Р 


Pacific, Central, 195-8 

Eastern, 198-9 

Western, 91, 193-5 
Philippines, 6, 7, 11, 91, 119, 193 
lotting of weather-reports, 211-13 
сЕ pepe wind qr 21 

r air, 3, 23, 89-91, 94— 

Precipitation, 2 Кайы : 

ressure, 

at upper levels, 82-4. 

diurnal variation of, 19-14, 80 

gradient of, 72-5, 77-8 

Scasonal variation of, 14 

short-period variation of, 14-15 
Б tendency, 19-15, 79-81 

Tojections of charts, 20 


R 


Radio-sondes, 21-2 


adiation from cloud-tops, 39, 
„ 43-4; 71 
Rain, 
forecasting, 178-8. 
formation of, 
[ » 45, 48-9 
formed by convection, 48 


formed by convergence, 48-9, 


178-83 


formed by orography, 48, 50-1, 
58, 60, 91 
formed at air-stream boundaries, 
48, 58-9 
Rainfall, 
diurnal variation of, 48, 67—71 
forecasting, 178-84 
intensity of, 65-6 
maps, 54-5» 57 
range of monthly, 50-65 
regional distribution of, 50-61 
seasonal variation of, 50-65 
variation with height of, 66 
Rainstorm, 20 
Reporting-stations, density of, 17, 
21, 128, 154 
Roaring Forties, 2, 4 
Rotation of earth, effect of, 3, 72—4 


5 


Sahara, 185-6 
Saturated adiabatic lapse-rate, 23 
Sea-breeze, 97, 124, 156-8, 161 
Sea-fog, 37 
Seeding of clouds, 45 
Shear-line, 127-8 
Siberian High, 4, 9, 11, 14, 89, 91 
South America, 187, 198-9 
Southern Equatorial Air-stream 
Boundary, 105-9, 129-41 
Squalls, 126-7, 160-6, 188 
induced, 126-7, 174 
line, 126—7, 159-76 
significant, 16 
Stability, 23-5 
Storms, tropical, 5 
Stream-lines, drawing of, 95-6, 
99-100, 143-55 
Subsidence, 43, 96 
Sudan, 190-1 
Sumatra, 11, 36, 58-60, 126, 129, 
134, 135, 138, 141 
Sumatras, 71, 168-76 
Surges, 127, 134, 138 
Synoptic charts, plotting of, 211-13 
analysis of, 20, 143-55, 215 


3E 
Temperatures, 16-18 


diurnal variation of, 16-17 
potential, 25-6 
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INDEX 


Temperatures—continued 
seasonal variation of, 16, 18 
upper-air, 23-34, 82-4 
Tenasserim, 43, 57-8, 141 
Tephigram, 25-34. 
Thailand, 12, 42, 50, 56-8, 91, 138 
Thermal component, 83-4 
Thunderstorms, 6, 45-6 
Propagation of, 41, 172 
Tornadoes, 46-8, 190 
Trade-winds, 2—3, 8-12, 89, 91, 100, 
119, 129-30, 138, 140, 185-99 
"Tropical air, 23, 89-92, 94—5, 129, 
131, 135, 138, 198 
cyclones, 4-8 
Storms, 4-8 
Troughs, 13, 86-8, 98-9, 127, 
148-55, 156, 195 
"Turbulence, 45 
cloud formed by, 42 
Typhoons, 6-8, 119 
frequency of, 7-8 
tracks of, 5, 7-8 


U 


Up-currents in cloud, 39, 


0; 45, 46, 
UE 40, 45, 4 


Upper-air soundings, 21, 93 
analysis of, 21—2, 23-34, 85-8 
Upper winds, 21, 82-8, 128, 141-2 

plotting of, 21 
analysis of, 21, 95-7, 143-55 


V 


Vocabulary, meteorological, 17-20 
Vorticity, 87-8 


м 


Warm fronts, 111-1 

Waterspouts, 46-8 - 

Weather-maps, see Synoptic charts 

West Africa, 185-90 

Western Pacific, 91, 193-5 

Willy-willies, 6, 8 

Wind, 
cyclostrophic, 75-6 
geostrophic, 72-6 
gradient, 74-6 
katabatic, 125, 158 
surface, 15—17, 9758 
thermal, 83— 
Upper, see Upper winds 


EQUATORIAL 
WEATHER 


Тніѕ book has evolved from the author's long 
experience as an equatorial meteorologist and lecturer 
at the University of Malaya. Its presentation of the 
principles of equatorial weather analysis will make 
it a valuable work of reference for the student of 
meteorology and for those concerned with transport 


over tropical oceans and air routes. 


The keynote to the general scheme of analysis is 
continuity and, although there are many references 
to Southeast Asia, it is applicable to the whole of the 
equatorial belt. Those techniques which are of proven 
worth are competently described with the help of 
detailed examples. The work includes chapters on 
climate, prevailing wind-streams at all levels and the 


diurnal variation and distribution of cloud and rain. 


UNIVERSITY OF LONDON PRESS LTD 


